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Abstract:
Energy storage can provide many benefits to the electric grid of the United States of America.
With recent pushes to stabilize renewable energy and implement a Smart Grid, battery
technology can play a pivotal role in the advancement of energy storage of the grid. While there
are many types of batteries that have been brought to market in recent years, four commonly
mentioned practical systems are sodium sulfur, flow batteries, long life lead acid, and lithium ion
batteries. A new type of battery, the "liquid metal battery" boasts low cost and easy maintenance
while also providing superior power and capacity. However, this technology is still in its
developmental stage. This study implements a framework for analyzing these five technologies
for implementation in real-life scenarios.
Firstly, a technological comparison of battery types and application requirements is conducted in
order to see which technology is best suited for different applications. Next, an in depth cost
analysis is done for each technology, so they can be compared on a total cost of ownership
(#/kWh cycled) basis. Lastly, each technology is evaluated for each application through a
financial analysis. This analysis encompasses current estimates on market valuation and provides
net present values of investments for each battery type and application.
ACKNOWLEDGEMENTS
To Professor Sadoway, I would like to thank you for providing me with the opportunity to
research such an engaging topic.
To Luis Ortiz, I am extremely grateful for all of your help and guidance along the way. You are a
gentleman and a scholar. I could not have done this without you.
To David Bradwell and the rest of GroupSadoway, my sincerest gratitude for helping me get
acquainted with a project that fit my interests so well and aiding in me times of need.
To Dr. Gami Maislin, Ryan Faries and Harold Gotschall, thank you for providing me with
insightful advice and information during my research.
To Rachel, Collin, Kamal and Greg, thank you for always being by my side. Thank you for
providing stimulating conversation and keeping me balanced throughout this entire year.
To my parents and siblings. Alex, Mindy, Alisha, Joey and Carlos, thank you so much for
encouragement you have given me. Every opportunity provided and every ounce of love and
support you have shown has made me into the person that I am today. I am everything because
of you and nothing without you. Thank you for everything.
TABLE OF CONTENTS
A CKN O W LED G EM EN TS................................................................................................... 3
TA BLE OF CON TEN TS .................................................................................................... 4
TA BLE OF FIG U RES................................................................................................................ 8
IN D EX O F TA BLES ............................................................................................................... 10
A CRON Y M S AN D A BBREV IA TION S..................................................................................11
CHA PTER 1 - IN TROD UCTION ....................................................................................... 13
1.1 M otivation......................................................................................................................13
CHAPTER 2 - ENERGY STORAGE TECHNOLOGIES..................................................... 16
2.1 Focus of Thesis............................................................................................................... 16
2.1.1 Long-Life Lead Acid Battery ............................................................................... 17
2.1.2 Sodium Sulfur Battery.............................................................................................. 19
2.1.3 Flow Cells................................................................................................................ 22
2.1.4 Lithium Ion Battery.................................................................................................. 25
2.1.5 Liquid M etal Battery............................................................................................ 27
2.2 Other Com peting Technologies.................................................................................... 30
2.2.1 N ickel Cadm ium Batteries ....................................................................................... 30
2.2.2 Pum ped Hydro ......................................................................................................... 32
2.2.3 Com pressed A ir Energy Storage (CA ES)............................................................. 33
2.2.4 Flyw heels................................................................................................................. 35
2.2.5 Superconducting M agnetic Energy Storage (SM ES)............................................... 36
CHA PTER 3 - GRID LEV EL A PPLICA TION S.................................................................. 37
3.1 Energy Storage Introduction ........................................................................................ 37
3.2 Prim ary Grid Level Applications ........ ................................ ....................................... 38
3.2.1 Renew ables O ff-Peak Storage ............................................................................... 38
3.2.2 Ram p & V oltage Support...................................................................................... 38
3.2.3 M obile Transm ission & D eferral........................................................................... 39
3.2.4 Demand Charge and Time-of-use (TOU) Cost Management ....... ...................... 40
3.3 A pplication Com patibility........................................................................................... 40
3.4 Secondary Grid Level Applications............................................................................. 41
3.4.1 Electric Supply......................................................................................................... 42
3.4.2 A ncillary Services................................................................................................. 42
3.4.3 Grid System ............................................................................................................. 42
3.4.4 End U ser/Utility Custom er.................................................................................... 43
3.4.5 General Renew ables Integration........................................................................... 43
CHAPTER 4 - APPLICATION MARKET ANALYSIS ....................................................... 44
4.1 Opportunity .................................................................................................................... 44
4.2 M arket Channels............................................................................................................. 45
4.3 M arket D em and Sizing ................................................................................................ 45
Renew able Energy O ff-Peak Storage ............................................................................. 46
Ram p & V oltage Support............................................................................................... 46
M obile T& D D eferral................................................................................................... 46
TOU & D em and ............................................................................................................... 47
4.4 U se Profiles .................................................................................................................... 47
CHA PTER 5 - TECHN OLOGY COM PA RISON .................................................................. 50
4
5.1 Justifications of Criteria............................................................................................... 50
5.1.1 Total Energy Per Cycle .......................................................................................... 50
5.1.2 Cycle Life ................................................................................................................ 51
5.1.3 Lifetim e ................................................................................................................... 51
5.1.4 Energy Density ..................................................................................................... 51
5.1.5 Scalability................................................................................................................ 52
5.1.6 Portability ................................................................................................................ 52
5.1.7 Self Discharge.......................................................................................................... 52
5.1.8 M ax Charging Power Above Rated Power ........................................................... 52
5.1.9 Annual M aintenance Cost and Ease....................................................................... 53
5.1.10 Plant Footprint ................................................................................................... 53
5.2 Assumptions ................................................................................................................... 53
5.3 Criterion W eighting ........................................................................................................ 54
5.4 Off-Peak Storage ............................................................................................................ 56
5.5 Ramp & Voltage Support............................................................................................. 57
5.6 M obile Transm ission & Distribution Deferral.............................................................. 58
5.7 TOU & Dem and ............................................................................................................. 59
CHAPTER 6- COST COM PARISON.................................................................................. 61
6.1 Types of Costs ................................................................................................................ 61
6.1.1 Capital Cost ............................................................................................................. 62
6.1.2 Battery Cost ............................................................................................................. 62
6.1.3 Power Conversion System s (PCS)......................................................................... 62
6.1.4 Balance of Plant (BOP)........................................................................................ 63
6.1.5 Variable Operations & M aintenance....................................................................... 63
6.1.6 Fixed Operations & M aintenance ............................................................................. 63
6.1.7 Replacem ent Cost (CAPEX)................................................................................. 63
6.1.8 Charging (O&M ) Cost .......................................................................................... 63
6.1.9 Disposal................................................................................................................... 64
6.1.10 Labor ..................................................................................................................... 64
6.2 Assumptions ................................................................................................................... 64
6.3 Off-Peak Storage ............................................................................................................ 65
6.4 Ram p & Voltage Support................................................................................................ 66
6.5 M obile Transm ission & Deferral - 33% Upgrade............................................................ 67
6.6 M obile Transm ission & Deferral - 50% Upgrade............................................................ 68
6.6 TOU & Dem and ............................................................................................................. 69
CHAPTER 7 - FINANCIAL ANALYSIS & NPV ............................... 71
7.1 Assum ptions ................................................................................................................... 71
7.1.1 Financial Benefit................................................................................................... 71
7.1.2 Expenses.................................................................................................................. 71
7.1.3 Depreciation............................................................................................................. 72
7 .1.4 T ax es ....................................................................................................................... 7 2
7.1.5 Net CAPEX ............................................................................................................. 72
7.1.6 Adjustm ents to Net Incom e ................................................................................... 72
7.1.7 Net Present Value (NPV) of Investm ent ................................................................ 72
7.2 Off-Peak Storage ............................................................................................................ 73
7.3 Ramp & Voltage Support ................................................................................................ 75
7.3.1 Low Estim ate........................................................................................................... 75
7.3.2 High Estim ate .......................................................................................................... 75
7.3.3 NPV of Investm ents............................................................................................... 76
7.4 M obile Transm ission & Distribution Deferral................................................................. 78
7.4.1 M obile T& D Categories........................................................................................ 78
7.4.2 Power Factor............................................................................................................ 79
7.4.2 Facility Upgrade of 33% ........................................................................................ 79
7.4.3 Facility Upgrade of 50% ........................................................................................ 82
7.5 TOU & Dem and ............................................................................................................. 84
7.5.1 Assum ptions ............................................................................................................ 84
7.5.2 Results ..................................................................................................................... 84
7.6 Cash Flow Analysis Sum m ary ...................................................................................... 86
CHAPTER 8 - FINAN CIAL ADJU STM ENTS .................................................................... 88
8.1 C-Rate Adjustm ents........................................................................................................ 88
8.1.1 Adjustm ent Schedule ............................................................................................ 88
8.1.2 Results ..................................................................................................................... 89
8.2 Governm ent Incentives ................................................................................................. 92
8.2.1 Sm art Grid Dem onstration and Energy Storage Projects........................................ 92
8.2.2 Advanced Energy M anufacturing Tax Credit (M TC)............................................ 94
8.2.3 STORAGE 2010 ................................................................................................... 95
8.3 Coupled benefits............................................................................................................. 96
8.3.1 Off-Peak Storage with Ram p & Voltage Support ..................................................... 96
8.3.2 Ram p & Voltage Support with TOU & Dem and .................................................. 98
8.3.3 M obile T& D with Ram p & Voltage Support .......................................................... 101
CHAPTER 9- CONCLU SION S............................................................................................ 105
9.1 Technology Versus Cost ............................................................................................... 105
9.2 Technology Versus NPV .............................................................................................. 105
9.3 NPV & Adjustm ents.................................................................................................... 107
9.4 Overall Outlook............................................................................................................ 107
APPENDIX I - TECHN OLOGY BREAKD OW N ................................................................. I11
Off-Peak Storage ................................................................................................................ I11
Ram p & Voltage Support.................................................................................................... 112
M obile T& D Deferral - 33% Upgrade................................................................................ 113
M obile T& D Deferral - 50% Upgrade................................................................................ 114
TOU & Dem and ................................................................................................................. 115
APPENDIX II- COST BREAKD OW N ................................................................................. 116
Off-Peak Storage ................................................................................................................ 116
Ram p & Voltage Support.................................................................................................... 117
M obile T& D Deferral - 33% Upgrade................................................................................ 118
M obile T& D Deferral - 50% Upgrade................................................................................ 119
TOU & Dem and................................................................................................................. 120
APPENDIX III - Technology Analysis .................................................................................. 121
Battery Perform ance*......................................................................................................... 121
Ram p & Voltage Support.................................................................................................... 123
M obile T& D Deferral......................................................................................................... 124
TOU & Dem and ................................................................................................................. 125
6
APPENDIX IV - CASH FLOW ANALYSIS......................................................................... 126
O ff-P eak Storag e ................................................................................................................ 12 6
Ramp & Voltage Support.................................................................................................... 127
Mobile T&D Deferral (33% Upgrade)................................................................................ 128
Mobile T&D Deferral (50% Upgrade)................................................................................ 129
TOU & Demand Charge Management................................................................................ 130
APPENDIX V - GOVERNMENT INCENTIVES.................................................................. 131
Smart Grid Demonstration.................................................................................................. 131
Advanced Energy Manufacturing Tax Credit (MTC).......................................................... 132
APPENDIX VI - COUPLED BENEFITS .............................................................................. 133
Off-Peak Storage W ith Ramp & Voltage Support............................................................... 133
Ramp & Voltage Support with TOU & Demand Charge Management................................ 134
Mobile T&D Deferral W ith Ramp & Voltage Support........................................................ 135
TABLE OF FIGURES
Figure 1. Renewable energy generators provide intermittent amounts of energy at a given time. A
wind turbine's monthly energy production. Each day of the month is s different curve (left).
A solar power generator provides inconsistent power generation (right)......................... 13
Figure 2. Schematic drawing of a LLLA battery. From [5] .................................................... 17
Figure 3. Schematic drawing of a NAS battery. From [5] ...................................................... 20
Figure 4. Schematic drawing of a flow battery. From [5]...................................................... 22
Figure 5. Schematic drawing of a li-ion battery. From [16].................................................. 26
Figure 6. Schem atic draw ing of a LM B. ................................................................................ 28
Figure 7. A LMB discharged (left), charging (middle) and fully charged (right) .................... 29
Figure 8. Picture of an actual N iCad battery[24].................................................................... 31
Figure 9. Schematic drawing of a pumped hydro system. From [25]..................................... 33
Figure 10. Schematic drawing of compressed air energy storage (CAES) system. From [26] .... 34
Figure 11. Electricity Storage Time versus Power Requirements. There are many different
applications that require different combinations of discharge time and power. The circled
applications are the focus of this study........................................................................... 37
Figure 12. Problems occur when the demand load exceeds supply. This happens rarely, but is
catastrophic w hen it does .............................................................................................. 45
Figure 13. Energy Cost versus Power Cost of Energy Storage. There is greatest potential for cost
effectiveness in LM B technologies. From [18]............................................................. 61
Figure 14. NAS batteries do not recover the initial capital expense over an entire lifetime of
usage. A green bar denotes each annual cash flow and a red line denotes the total
cum ulative cash flow (non-discounted).......................................................................... 74
Figure 15. Ramp & Voltage Support does not make money, even when paired with the least
expensive battery type................................................................................................... 77
Figure 16. Some technologies lose more money over time than their initial CAPEX investment.
......................................................................................................................................... 7 8
Figure 17. Mobile T&D is profitable even when paired with an expensive technology. The
diamonds represent the NPV of investment for both scenarios. A yellow diamond shows a
negative NPV, but a positive cummulative cash flow. Dashed lines represent discounted
cum ulative cash flow ........................................................................................................ 80
Figure 18. Some inexpensive technologies achieve a payback in less than 5 years with Mobile
T&D deferral applications. Solid lines represent cumulative, non-discounted cash flow.
Dashed lines represent discounted cumulative cash flow. Diamonds represent NPV of
in v estm en t. ....................................................................................................................... 8 1
Figure 19. Flow batteries can recover initial CAPEX, but due to replacement costs, find
themselves in the red frequently. Diamonds represent NPV of investment. ................... 82
Figure 20. Due to inexpensive manufacturing cost and a high payback per kW-year, LMB-A is
able to recover all CAPEX in less than 2 years for Mobile T&D Deferral applications...... 83
Figure 21. Only a few technologies can be profitable with TOU & Demand Charge Management
applications. A yellow diamond shows a negative NPV, but a positive cummulative cash
flo w .................................................................................................................................. 8 5
Figure 22. With adjustments in discharge rate, even expensive technologies can be profitable
w ith som e applications................................................................................................... 90
Figure 23. While LLLA (previous page) does not recover all CAPEX costs even with coupled
benefits, the addition of R&V to OPS is profitable for LMB (above) battery types. The
yellow diamond represents NPV of investment. LLLA has a negative NPV so no diamond
is p ictu red ......................................................................................................................... 9 8
Figure 24. NAS does not become profitable even when TOU/Demand and R&V applications are
stacked. It does break even in both scenarios within 15 years. The yellow diamonds
represent N PV (top: High; bottom : Low )........................................................................ 100
Figure 25. R&V becomes a reasonable application for LMB battery types when TOU/Demand is
added as an additional benefit to energy storage.............................................................. 101
Figure 26. Even flow batteries can be used in R&V applications when Mobile T&D Deferral is
included in a stacked analysis. Green diamonds represent NPV of investment (top: 90th
%ile; bottom: 50th %Ile).............................................103
Figure 27. Some technologies do not recover all CAPEX costs within the time frame of this
analysis. Trends show that with a study longer than 15 years, expenses might be recovered.
....................................................................................................................................... 1 0 4
INDEX OF TABLES
Table 1. Summary of analyzed battery technologies .............................. 16
Table 2. Energy Storage Application Compatibility............................................................. 41
Table 3. Energy Storage Application Use Profiles (based on industry averages and used in the
an a ly sis) ........................................................................................................................... 4 8
Table 4. Specifications for Installation versus Application Criteria Weighting....................... 55
Table 5. Off-Peak Storage Technology Comparison ............................................................. 57
Table 6. Ramp & Voltage Support Technology Comparison................................................. 58
Table 7. Mobile T&D Deferral Technology Comparison....................................................... 59
Table 8. TOU & Demand Charge Management Technology Comparison.............................. 60
Table 9. Off-Peak Storage Cost Comparison......................................................................... 66
Table 10. Ramp & Voltage Support Cost Comparison........................................................... 67
Table 11. Mobile T&D Deferral Cost Comparison (33% Upgrade)........................................ 68
Table 12. Mobile T&D Deferral Cost Comparison (50% Upgrade)....................................... 69
Table 13. TOU & Demand Charge Management Cost Comparison........................................ 70
Table 14. NPV of investment and years until initial capital expense is recovered for off-peak
sto rag e .............................................................................................................................. 7 5
Table 15. NPV of investment and years until initial capital expense is recovered for ramp &
voltage support. The upper row designated the "low" estimate and the lower row designates
th e "h igh " estim ate............................................................................................................ 76
Table 16. NPV of investment and years until initial capital expense is recovered for mobile T&D
deferral (33% upgrade). The upper row designated the "50th percentile" estimate and the
lower row designates the "90th percentile" estimate....................................................... 79
Table 17. NPV of investment and years until initial capital expense is recovered for mobile T&D
deferral (50% upgrade). The upper row designated the "50th percentile" estimate and the
lower row designates the "90th percentile" estimate....................................................... 83
Table 18. NPV of investment and years until initial capital expense is recovered for TOU &
dem and charge m anagem ent.......................................................................................... 84
Table 19. Summary of technology and application pairing cash flows. ................................. 86
Table 20. Power output adjustment schedule based on discharge time scenario..................... 89
Table 21. Summary of c-rate adjusted technology and application pairing cash flows............ 91
Table 22. Smart Grid Demonstration grants effect on NPV and years to break even.............. 93
Table 23. Advanced Energy MTC's effect on NPV and years to break even........................... 94
Table 24. Coupled benefit's effect on NPV and years to break even (off-peak storage with ramp
& voltage supp ort)............................................................................................................ 96
Table 25. Coupled benefit's effect on NPV and years to break even (TOU & demand charge
managem ent with ramp & voltage support).................................................................... 99
Table 26. Coupled benefit's effect on NPV and years to break even (mobile T&D deferral with
ram p & voltage support)................................................................................................. 102
ACRONYMS AND ABBREVIATIONS
AEP American Electric Power Company
AGM Advanced Glass Mat
ARPA-e Advanced Research Projects Agency - Energy
ARRA American Recovery and Reinvestment Act
BOP Balance of Plant
CAES Compressed Air Energy Storage
CAPEX Capital Expense
DOD Depth of Discharge
DOE United States Department of Energy
kVA Kilovolt-Ampere
kW Kilowatt
kWh Kilowatt-hour
kW-yr Kilowatt year
Li-ion Lithium Ion
Li-OP Lithium Ion (Optimistic)
Li-RE Lithium Ion (Realistic)
LLLA Long-Life Lead Acid
LMB Liquid Metal Battery
MTC Manufacturing Tax Credit
MW Megawatt
MWh Megawatt-hour
NAS Sodium Sulfur
NiCad Nickel Cadmium
NPV Net Present Value
O&M Operational & Maintenance
OPS Off-Peak Storage
PCS Power Control System
PSB Polysulfide Bromide
R&V Ramp & Voltage Support
SGD Smart Grid Demonstration
SMES Superconducting Magnetic Energy Storage
T&D Transmission and Distribution
TOU Time-of-use
VRB Vanadium Redox Battery
VRLA Valve Regulate Lead Acid
ZnBr Zinc Bromine
CHAPTER 1 - INTRODUCTION
1.1 MOTIVATION
Executive John McGee once said, "In every commodity market in the world - except electricity -
- storage is used to address the periodic imbalance between supply and demand. We store food,
water, and fuel to dampen price volatility, create efficiency in consumption, and increase
reliability in delivery. Only the electricity market meets peaks in demand by overbuilding
generation, transmission, and distribution assets, which then sit idle most of the time." [1].
Storage is needed for solutions from the small-scale, such as automobile batteries, to an
extremely large scale, such as a battery used to stabilize a power plant in time of need.
Industrialization and population growth spur an increase in energy demand. The United States of
America has begun their shift towards finding new energy sources, as well as upgrading their
electricity grid. However, these upgrades are long overdue and come at a very steep price.
Renewable energy resources have been a hotbed of discussion recently as scientists fear an
extinction of current energy sources. While new energy sources, that do not release harmful
emissions into the atmosphere have hit the market in the past 10-20 years, there are still some
barriers that stand in the way of full adoption.
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Figure 1. Renewable energy generators provide intermittent amounts of energy at a given
time. A wind turbine's monthly energy production. Each day of the month is s different
curve (left). A solar power generator provides inconsistent power generation (right).
A large hurdle for the adoption of renewable energy by the mass markets is the unreliable nature
of these energy sources. While the technology to harness energy from solar panels and wind
turbines exists, the greatest hurdle lies in the intermittency of their output. Therefore, having sole
dependence on these sources is unreasonable for electricity consumers.
This is where energy storage technology plays an important role and falls into a niche market.
With the addition of energy storage systems, renewable energy producers significantly increase
the value and usability of their product. Battery technologies can help by delivering power at a
desired rate within milliseconds of time.
While there are many forms of energy storage that are currently on the market, there has failed to
be a leader in the market for battery technology. While this is due largely to the fact that batteries
have historically been seen as having negative net present value (or value of investment in a
technology that accounts for cash flow discounting over time), there is a growing need for
accessible energy storage that is cheap and location independent.
Battery technology specifically has been given much funding in recent years as part of the
solution for energy shortages worldwide. Domestically, funding for some investments has come
from governmental organizations or programs such as the Advanced Research Projects Agency -
Energy (ARPA-e), the Department of Defense, and the American Recovery and Reinvestment
Act [2]. While new technology can help large developed countries balance their energy portfolio,
it also could help in the aid of developing countries, which usually have a small or old electric
grid in place, and in some cases, no electric grid at all.
The largest problem surrounding the adoption of battery technology for larger applications, such
as the national grid, is the misconception that the large cost (in $/kW) of battery technology often
results in paltry financial benefit. The technology has reached a competitive level and with
strong subsidies or discounts could be deployed. However, the money poured into battery
technology for these large applications is usually not worth the expected financial benefit that
one would receive. From a business standpoint, battery technology would never be purchased in
a market that only compares technology on a $/kW basis.
While energy storage at grid scale would provide many more benefits beyond monetary ones, the
purpose of this thesis is to show that, for certain applications, energy storage is an investment
that will pay itself back in a matter of years. Comparing technology across multiple criteria
results in more informed decisions about investments being made. This study, unlike many
papers relating to energy storage for renewable energy, will not account for social benefits, such
as cleaner air or a potentially cooler climate.
This study will provide a framework for evaluating and analyzing any energy storage technology
for any grid level application by looking at the technical capability, the costs associated with
implementation, and a financial analysis. Additionally, by shifting the industry standard of
comparing energy generation technologies on a $/kW basis to that of a well rounded set of
comparative criteria, battery technology might be able to recover initial capital costs over the life
of an investment.
CHAPTER 2 - ENERGY STORAGE TECHNOLOGIES
2.1 Focus OF THESIS
In order to find a solution to the problems surrounding energy storage, a comparative analysis
(both technical and economic) should be conducted. By setting control variables within the
comparison, a clear financial benefit can be established for each pairing of a suitable
performance and requirements with a necessary application. This thesis will focus on five
different battery technologies, some of which will be broken down into sub categories.
Although the industry standard is to value energy storage on a $/kW basis, a truer estimate of
cost comes from a $/kWh value. The following section uses current industry estimations, which
are in $/kW and will be contrasted with the lifetime cost of energy storage (in $/kWh) later in
this paper.
Additionally, although many competing technologies are mentioned, there will only be a
comparison of chemical, location independent storage systems (not including NiCad batteries).
Table 1. Summary of analyzed battery technologies'
80 2000 - 10000
42 4500
185 2000 - 7000
4000
4500
65% 2470 - 2600 300 - 350
90% 240 - 1200 30 - 150
90% 2970 - 4030 435 - 700
75% 2180 - 2900 370 - 520
80% 3900 - 4150 300 - 530
Average industry values from 3. Rastler, D., Electric Energy Storage Technology Options:
Primer on Applications, Costs, and Benefits, in EPRI Energy Storage Program. 2009, Electric
Power Research Institute. p. 93.
2.1.1 Long-Life Lead Acid Battery
Lead-acid battery technology has been around for over 140 years and has made a large impact in
many energy storage markets. This technology has dominated the transportation,
telecommunications and even some parts of the grid-stabilization markets [4]. Although these
batteries have low energy density and a short cycle life at deep discharges, their low cost has
kept this technology successful for ages. In fact, in 1999, lead-acid batteries held a share of
almost 45% of the battery market [5]. This thesis will focus specifically on technical and
economic parameters surrounding Long-Life Lead Acid batteries (LLLA). Lead-Acid batteries
for shallow discharge applications (such as automobiles) will not be analyzed.
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Figure 2. Schematic drawing of a LLLA battery. From [5]
LLLA batteries contain a positive electrode made of lead-dioxide and a negative electrode of
solid lead. The chemistries at each electrode are as follows.
Positive electrode: PbO 2 + 3H' + HSO4 + 2e- < PbSO4 + 2H 20 [5]
Negative electrode: Pb + HSO4 < PbSO4 + + 2e- [5]
There are three main commercial types of LLLA batteries, advanced glass mat, flooded and
valve regulated. Flooded lead acid batteries have been more widely adopted by the mass markets,
extending their applications to transportation and some forms of backup power storage. Flooded
batteries are immersed in excess amounts of electrolyte and oftentimes water and gas are
released into the environment upon charging [5]. Valve regulated lead acid (VRLA) batteries are
"sealed" in order to prevent the gas and water leakage. This ideally extends the lifetime of the
batteries. Additionally, special designs encourage the re-entrance of hydrogen and water into the
system upon charging [5].
Advanced Glass Mat (AGM) Lead-Acid batteries are a type of sealed battery and have many
advantages over flooded lead-acid batteries. These battery exhibit almost non-existent water loss
throughout their lifetime and also have a low self-discharge rate in comparison to other LLLA
batteries [6]. Additionally, they require much less maintenance than other LLLA battery types.
Unfortunately, they cost about 2 to 3 times as much as regular flooded lead-acid batteries [6].
LLLA batteries have many maintenance requirements that decrease the likeability of this
technology. Self-discharge, which is very damaging to these batteries is countered by float
charging and must be performed whenever a battery has not been in use for a while.
Equalization charging must be conducted on large battery systems in which there is a difference
in charge among different cells within the system. Flooded batteries require frequent water
replacement, as much of the electrolyte is leaked out upon charging of the system. VRLA and
AGM batteries do not require this type of maintenance. Lastly, cell post maintenance must be
performed on all cells within a LLLA batteries, to ensure that corrosion has not affected the
functionality of the system [5].
The market for LLLA batteries is very saturated, with many manufacturers that have been
competing for many years. Some of the main producers of these batteries are C&D
Technologies, Axion Power, East Penn Manufacturing Company, GNB Batteries, Johnson
Controls, Shin-Kobe Electric Machinery Ltd, and Tyco Electronics Power Systems [5].
Concorde, Deka and Enerysys are also large producers of lead acid batteries [7]. The
technological and economic parameters used in this study are based on actual systems produced
and sold by Shin-Kobe Ltd.
Installations of LLLA systems for grid stabilization have been placed abundantly and scale the
entire world. Some of the larger installations include a 10-MW system in Chino, CA, and a 20-
MW system in place in Sabana Llana, Puerto Rico [4].
Some of the advantages associated with LLLA batteries rely mostly on their historical impact on
the battery industry. Due to the fact that this technology was one of the first, most of the
manufacturing infrastructure has already been established. Additionally, LLLA batteries have
become the installation standard due to their low capital cost. It is roughly estimated that the cost
of a system is around $2100 per kW [3], with 50% of that cost coming from the battery alone [4].
While this value is in $/kW, the total cost of a LLLA will fall once it is analyzed in $/kWh.
While LLLA batteries are popular, they are far from a perfect technology. These batteries cannot
be fully discharged, due to safety restrictions and degradation associated with gassing, or the
buildup of hydrogen gas in the battery. Batteries with antimony bases are particularly sensitive to
gassing, since they can produce and release toxic gases if discharged improperly [5]. LLLA
batteries also have a poor ratio of charge to discharge. In most cases, these batteries require a
charging time 5 times as long as the discharge time, due again to safety restrictions associated
with the technology [5]. Therefore, LLLA batteries provide little protection against over-
charging or high-amperage applications. This might explain why LLLA batteries capture some
grid stabilization markets more strongly than others.
2.1.2 Sodium Sulfur Battery
Sodium Sulfur technology is a newer technology than LLLA, and also a battery type that boasts
high energy and power capacity. Sodium sulfur (NAS) had made an impact on the storage
industry in the early 1990's through the Ford Ecostar, one of the U.S.A.'s first electric
automobiles. NAS battery research took place in Japan between 1980 and the early 2000s, but
usage in the U.S.A. for grid stabilization applications is growing slowly but steadily [5].
Operating at 300C, NAS batteries take advantage of faster kinetics than batteries that operate at
room temperature. This technology gained attention after the American Electric Power Company
(AEP) decided to run and publish a demonstration of NAS technology in 2002 [8].
NAS batteries have two liquid electrodes and a @-A120 3 electrolyte. Upon discharge, at the
negative electrode, sodium is oxidized. The ions then travel through the solid electrolyte,
composed of beta alumina, until they reach the positive electrode, which is composed of sodium
pentasulfate [5]. The chemistry at the electrodes is as follows.
Positive electrode: xS + 2e- S 2 (where is between 3 and 5) [5]
Negative electrode: 2Na < 2Na* + 2e- [5]
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Figure 3. Schematic drawing of a NAS battery. From [51
NGK Insulators, Ltd, is the sole producer of sodium sulfur batteries and continues to push
innovations on the fronts of efficiency and cycle life for this battery type. Additionally,
Ceramatec is entering the market of NAS batteries. They sell one type of battery, which provides
50 kW of power, but enables the customization of a system by increasing the number of modules
[8]. Most of the more popular installations are on the MW/MWh scale of energy storage,
implying that large capital costs are involved with the installation of a NAS system.
NGK's largest installation to this date has been a 34 MW system installed at the Futumata wind
farm in Okinawa, Japan [9]. A domestic example of a functioning NAS battery installation is at
an office building in Gahanna, Ohio [4]. This system is rated at 100 kW and is used primarily for
peak shaving. Additionally, NAS batteries are used for other applications such as voltage
protection, or using batteries to ensure a steady power supply for a sensitive application, at a
semiconductor plant in Akiruno, Japan [4].
It is claimed that NAS batteries require little to no maintenance, and mostly in the form of bi-
yearly inspections2 . Looking at abnormalities in connections and inspecting the insulation of the
batteries are two examples of the required maintenance that yields a fairly low yearly O&M cost
[5].
The NAS battery technology excels in areas of energy density and ease of maintenance.
Additionally, it has impeccable potential for storage power and capacity. The NAS battery can
achieve over 2000 cycles at 90% DOD, but even up to 40,000 cycles at lower DOD, such as
10%. This is why many utilities have been keen to adopt this technology. For grid stabilization,
long lifetime, high power, and energy capacity are very important factors.
The main problem with the NAS battery is the fact that it is costly, mostly because of high
capital costs. Since NGK is still looking to make improvements in cycle life and their production
costs, it may be a while before the NAS technology is at a cost low enough to foster adoption by
2 Private communication has revealed that the O&M cost of NAS in the U.S. has equaled the
capital cost for some installations.
the mass markets. Harold Gotschall, an expert within the NAS industry estimates that NAS
battery cost is about $3500 per kW [10].
2.1.3 Flow Cells
Flow batteries use two tanks of liquid electrolyte and two electrodes separated by a membrane to
store and deliver electricity. These batteries are very customizable since their power and energy
ratings depend on the pump speed of the system and the area of each electrode. Additionally,
increasing the size of the tanks for a cell stack can increase energy capacity. While capacity is
easy to scale, power is more difficult to adjust. While much research surrounding flow batteries
took place in the latter half of the 2 0 th century, there has been a recent push to renew efforts to
bring this battery to commoditized storage markets. While there are many different types of flow
batteries, the types that dominate presently are zinc bromine, vanadium redox, polysulfide
bromide, and cerium zinc batteries.
Figure 4. Schematic drawing of a flow battery. From [51
Zinc Bromine Batteries
Zinc bromine (ZnBr) batteries had initially been researched for use in electric vehicles in the
mid 1980s, but excitement about the technology waned with the shrinking market for electric
vehicles. In ZnBr batteries, Zinc is formed at the negative electrode and bromine is formed at the
positive electrode. There is a membrane in between each cell stack that ensures that bromine and
zinc cannot crossover (which would prompt self-discharge). This membrane is one of the only
parts in the battery that requires replacement for prime functionality of the battery. Pumps and
pipes must also be replaced due to corrosion. Electrochemical reactions in a ZnBr battery are...
Positive Electrode: Br2(aq) + 2e- 4 2Br~(aq) [5]
Negative Electrode: Zn < Zn2*(aq) + 2e-
Currently, there are only two major producers of ZnBr batteries; ZBB Energy Corporation and
Premium Power [11]. However, even though this technology became less popular in the past few
years, there have been a few notable installations. ZnBr batteries are in use for peak shaving at a
shopping area in Melbourne, Australia. Additionally, a 500-kW system was installed in Broken
Hill, New South Wales to help with load management, or ensuring that enough energy is
produced during peak demand hours, at a solar plant [4].
Although a membrane is in place, studies have shown that ZnBr batteries still have a self-
discharge rate of 1% per hour. Additionally, unlike sodium sulfur batteries, ZnBr batteries
operate near room temperature and have a cycle life estimated at 2000 cycles per battery [5].
These batteries require weekly maintenance, mostly involving the stripping of metals. About
every 2000 cycles, the membranes must be replaced, requiring more capital expenditures. Only
the membranes need to be replaced since they are the main factor in a battery's degradation.
ZBB Energy Corporation and Premium Power battery specifications and costs will be used for
this analysis. Costs are estimated around $1450-2000 per kW [12].
Vanadium Redox Batteries
Development of Vanadium Redox Batteries (VRB) started in the 1970 and was spearheaded by
the National Aeronautics and Space Association (NASA). While VRBs are currently used as
sources for power in golf carts, they also have been used as backup power sources on submarines
[5]. While the shape and layout of this battery type is almost identical to ZnBr batteries, the
chemistry is quite different.
Positive Electrode: V 4 * <> Vs+e- [5]
Negative Electrode: V3 + <-> V2+e-
Prudent Energy and V-Fuel are two large worldwide producers of VRBs [11]. Currently, VRBs
have been placed in locations such as Osaka, Japan and Cape Town, South Africa and are used
for many different applications, such as providing quick bursts of energy or providing a longer
term emergency backup source [4].
VRBs suffer from many of the same disadvantages as other flow batteries. One shining point,
however, is the claim that VRBs can go through many more cycles than conventional flow
batteries. Little is known about how much maintenance is required [5], but it is known that high
costs are usually associated with VRBs.
Polysulfide Bromide Batteries
Polysulfide Bromide (PSB) batteries have one main producer, Regenesys Technologies Ltd. The
chemistry in this type of battery is as follows.
Positive Electrode: NaBr3 + 2Na* + 2e- < 3NaBr [5]
Negative Electrode: 2Na2S 2 < Na 2S 4 + 2Na* + 2e-
PSB batteries use larger electrodes and a higher operating voltage than other flow batteries. This
yields a battery with different characteristics than ZnBr batteries or VRBs. They have slightly
lower efficiency, but have a longer lifetime. Maintenance is easy, but must be performed every 3
months. Additionally, Regenesys plans to have a minimum storage capacity of 400MWh, with an
8 hour discharge time [5]. There are two main installations of PSB batteries. They are both 12-
MW and 100-MWh systems in Columbus, Mississippi and Cambridgeshire, United Kingdom.
Cerium Zinc
Zinc ions form on the negative electrode of the system upon charging and cerium ions formed at
the positive electrode upon discharging of cerium zinc batteries. Both ion types are suspended in
a methane sulfonic acid solution [4]. The reaction for this battery type goes as follows.
Positive Electrode: 2Ce*4 + 2e-2Ce*3 < 2Ce+3 + 2e-2Ce*4 [13]
Negative Electrode: Zn0 + 2e-Zn. 2 <-> Zn. 2 + 2e-Zn4
Cerium Zinc batteries have an impeccably fast response time as well as an environmentally safe
electrolyte. Additionally, no electrolyte is discharged from the system. While cerium zinc
batteries are great in idea, there are no current installations that have proven this technology fully
functional [4].
2.1.4 Lithium Ion Battery
Lithium Ion batteries (Li-ion) were first invented in the 1970s but did not achieve commercial
success until the mid 1990s. They found a place in the portable electronics market, which
required lightweight, but high power and energy capacity batteries. They readily became the
industry standard for portable batteries. In 2004, MIT professor Yet-Ming Chaing began to
develop batteries for usage in automobiles and grid-stabilization techniques through A123
Systems [14]. The shrinking of particle size (onto the nano scale) helped further the power and
energy densities that the Li-ion batteries can achieve.
There are many different types of Li-ion batteries, but the most popular chemistries used
currently are lithium with cobalt oxide, manganese oxide, iron phosphate, or nickel cobalt
manganese [15]. While the different types of batteries have different chemistries and reactions,
they follow the same general idea. The following chemistry is for a lithium cobalt oxide battery.
Cathodic reaction: LiCoO2 < Li,_,CoO2 + xLi' + xe- [15]
Anodic reaction: xLi' + xe- + C 4 Li,
where x is the number of lithium ions plated upon charging and discharging.
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Figure 5. Schematic drawing of a ii-ion battery. From [16]
Some of the main producers of lithium ion batteries are A123 Systems, Sanyo, Enerl, Panasonic,
Duracell, and Exide Technologies. While this is a very saturated market for producers, only
certain companies are pursuing this technology on the MW scale for gird stabilization
techniques.
While lithium-ion batteries are able to achieve power ratings on the same magnitude as
competing battery technologies, they do not have similar energy capacities as other battery types
[7]. In fact, due to success in the power aspect of li-ion batteries, they are often spoken about in
terms of $/kW, which is more favorable for this technology [7]. Where they really excel,
however, is in their energy and power density values. This lightweight and small battery has a
minimal plant footprint as well as total weight per system, making any MW-size system easily
transportable. A recent report released by the Boston Consulting Group estimated Li-ion cell
costs at around $1000-1200/kWh. However, the report later stated that costs are expected to fall
within the next ten years [17].
No battery is perfect though. Li-ion batteries suffer from poor durability, especially regarding
poor cycle life due to overcharging and discharging. Significant capacity loss is seen in some li-
ion battery types [15]. Also, li-ion batteries have issues with safety. Many reactions are highly
exothermic and only certain types of li-ion batteries are thermally stable throughout their entire
charge/discharge process. This is why standards for safety are set highly for li-ion technologies.
With poor thermal management in battery systems, batteries can overheat, and in some cases,
explode [15].
For the purpose of this thesis, two different categories of li-ion batteries will be compared. Many
optimists believe that technology is progressing at a fast enough rate at which the cycle life of
Li-ion batteries will be comparable to any long-lasting technology. This will affect not only the
cost, but also many technological parameters surrounding the battery. Therefore, the two
categories of li-ion batteries that will be analyzed are Lithium-ion-Optimistic (Li-OP),
accounting for theoretical improvements in battery technology, and Lithium-ion-Realistic (Li-
RE), working with real values for technological parameters in the lithium-ion industry.
2.1.5 Liquid Metal Battery
The liquid metal battery has many features that are unique to this particular invention. The
electrodes and electrolyte are comprised of metals that self assemble into distinct layers upon
melting. This occurs due to the fact that the materials chosen for this system have different
densities in the liquid state. Similar to oil and water, clear boundaries are formed between the
layers of molten metals, making these layers prime candidates for electrodes and an electrolytes,
given the right chemistry.
Figure 6. Schematic drawing of a LMB.
The idea of a system that could store large amounts of energy at once must mimic a system that
consumes a lot of energy at once. Additionally, this system has to use the laws of
electrochemistry to convert one compound into another via electroplating. An aluminum smelt
does just this. By consuming large amounts of electrons, Al is pulled off of A120 3 and sinks to
the bottom of the molten solution, since it is denser than A120 3.[18] The remaining CO 2 is
released as bubbles, which makes this process irreversible. However, the idea of making a
similar reversible process is promising.
The initial battery was made with molten magnesium, molten antimony and an electrolyte. This
model will be referred to as LMB-A for the remainder of this study. The electrolyte's
composition is unknown to those outside of the inventor and a small inner circle due to fierce
competition in the budding industry of molten batteries. The magnesium and antimony make a
good electrode coupling since they are able to release and accept multiple electrons per reaction.
Mgquid) -> Mg 2 + 2e-
Sb(liquid) +3e- _ Sb [18]
In this case, the magnesium acts as the anode and antimony acts as the cathode. In order for the
system to avoid shorting, the anode and cathode must never touch. While conventional batteries
have problems with dendrite formation (due to solid state mechanisms), the self-assembling,
liquid model avoids these problems. Densities control the formation and reliability of the
cathodic and anodic electrodes. The density of molten magnesium is 1.584 g-cm- 3 [19] and that
of molten antimony is 6.53 g-cm- 3 [20] This sizeable difference in density ensures a fast
separation upon entrance into the liquid state as well as a large margin of densities available for
the electrolyte.
GroupSadoway, the inventors of the analyzed types of liquid metal batteries, is also developing
two other models using different chemistries and layouts. The other two battery types, which
differ greatly in capital cost per battery, will be referred to as LMB-B and LMB-C. Both of these
battery types are still in their experimental phases of development, but low costs of
manufacturing and inexpensive materials provide a sense of optimism for producing a low-cost
high power battery.
The supporting electrolyte must be a molten metal that immiscible with either electrolyte [21]. In
the LMB-A case, it must also be able to ionize Mg3Sb 2, in order to make the flow of ions in the
system occur. While it is not public knowledge what the current electrolyte is, some possibilities
include Na 2 S, Li 2S, CaS, Na2Se, Li 2Se, and Na3Sb, which all abide by both requirements [21].
One present similarity between this new technology and other battery technology is the
formation of a metal at the cathode or anode of the battery. When the LMB is uncharged, a large
amount of electrolyte is in the middle. This is where the ionization of Mg 3Sb2 takes place. As
more electrons are pushed into the system upon charging, the ions begin to attach to the liquid
electrodes and form larger liquid electrodes, until the battery is fully charged.
Figure 7. A LMB discharged (left), charging (middle) and fully charged (right)
The diagram above shows the battery at all three stages of charge [22]. Firstly, the left picture
shows an uncharged-battery, followed by a charging battery in the middle and a fully charged
battery on the right.
Developers of the LMB work under Donald R. Sadoway, a well-established professor in the field
of electrochemistry, have a dream to reshape the way the battery industry thinks about new
products. Gerbrand Ceder and David Bradwell are also credited with this discovery [23].
To date, most of the theoretical capabilities that have been tested on a small scale and have been
proven true. While the lab has not released to the public actual values related to these successes,
their investors continue to put money into the project. This means that either the amount of hype
regarding this technology is extreme, or that the unreleased outcomes of preliminary testing
show a very promising technology. Internal papers estimate the LMB battery cost around $30 -
55/kWh [21], however this is only for the LMB-A battery.
One downside of the technology is the energy required to keep the battery in a molten state. The
battery can stay molten up to 5 days without any charge with proper insulation. The operating
temperature of this battery is around 700*C. For the applications that are being considered, this is
ample time to have charging sessions, which will also keep the battery molten. If the battery does
solidify from lack of use or weather extremes, it can be re-melted easily with a power source
during power surges (which are prevalent in wind and solar technologies).
2.2 OTHER COMPETING TECHNOLOGIES
While the focus of this study is chemical systems that are location independent, there are still
many alternatives to battery technology for the national grid.
2.2.1 Nickel Cadmium Batteries
Invented in 1899, the nickel-cadmium battery has played an important role in the evolution of the
energy storage industry over the past 50 years or so. Although some NiCad batteries are used for
standby power, they had made their big impact among electronics that required durable, but
lightweight storage. While this technology has been implemented for the integration of
renewable energy sources onto the grid, there are limitations that inhibit this technology from
being widely accepted without significant technological improvements [4].
There are three different kinds of NiCad batteries that are widely used. These types are pocket
plated, sintered plated, and sealed. Although this type of technology can have electrodes
comprised of iron, zinc, metal hydride, the chemistry of NiCad is as follows.
Positive electrode: NiOOH + H 2 0 + e- < Ni(OH)2 + OH- [5]
Negative electrode: Cd + 20H- < Cd(OH) 2 + 2e-
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Figure 8. Picture of an actual NiCad battery[24]
NiCad batteries suffer from a high battery cost and high toxicity of internal materials. It is
estimated that NiCad batteries cost about $600 per kW. Although many NiCad batteries have
been implemented in locations such as Fairbanks, Alaska, environmental standards might hinder
the growth of the NiCad market [4]. Some of the main manufacturers of NiCad batteries are
Alcad Limited, Saft, and Tudor batteries [4].
Since this battery technology is not a main focus of this thesis, more detail will not be given on
these types of batteries. A more in-depth analysis of NiCad and other types of nickel electrode
batteries can be found in the EPRI-DOE Handbook of Energy Storage for Transmission and
Distribution Applications [5].
2.2.2 Pumped Hydro
Pumped Hydro is currently the most utilized form of commoditized energy storage in the U.S.A.
Roughly 20 GW of domestically discharged power is currently pumped hydro, which accounts
for 2.5% of domestic energy production [4]. Pumped hydro requires two large water reservoirs
separated by a large height distance. While being charged, the system pumps water into the
upper reservoir. Upon discharge, gravity forces the water back down to the lower reservoir,
providing energy as the water moves through a production mechanism. This technology stores
potential energy and is discharged as kinetic energy [25].
While these plants are quite expensive to build, they are profitable and have a quick return on
investment due to their large capacity and long lifetime. This seems like the ideal energy storage
solution. However, its specific location dependency makes this only usable in certain geographic
regions. Additionally, pumped hydro has a slow response time, which is a large lag from
between when energy discharge is started and when the rated energy will be produced. These
lags in the system can cause unfortunate results if a power supply is needed within minutes. The
efficiency of pumped hydro systems has increased in recent years with a industry maximum
currently around 75% round-trip [4].
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Figure 9. Schematic drawing of a pumped hydro system. From [251
Pumped hydro has been around since the 1920s, but construction of these systems did not reach
its peak until the 1980s [4]. Most available sites for pumped hydro have already been utilized.
The average capital costs for a pumped hydro system is between $1,500 and $2,000 per kilowatt
of power, but around $110 - 180 per kilowatt-hour. However, due to their low maintenance and
large cycle life, these systems can store megawatt-hours of energy for plenty of years. Some
notably sized installations of pumped hydro are the 848-MW Rocky Mountain facility in Rome,
Georgia, the 317-MW Dinorwig plant in Wales, United Kingdom, and a 31.4 MW plant in
Okinawa Japan [4].
Since many of the potential locations for pumped hydro have already been discovered,
innovators are looking to use underground caverns of water as new lower reservoirs. This will
potentially expand the number of sites at which pumped hydro is available as an energy storage
technology. However, most of the economy around pumped hydro currently involves the
upgrading of current facilities and not the production of new ones [4].
2.2.3 Compressed Air Energy Storage (CAES)
Similar to Pumped Hydro, compressed air energy storage (CAES) has a high capital cost, but a
high return on investment, making this a popular option for storage. However, CAES faces the
same restrictions that pumped hydro does. This technology is highly location dependent, but
does not have the same slow response time. CAES is, however, much cheaper than pumped
hydro, coming in at around $450 per kW [4] and about $101 - 130 per kWh [3].
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Figure 10. Schematic drawing of compressed air energy storage (CAES) system. From [26]
In CAES technologies, air is pumped into an underground cavern with turbines upon charging.
Upon discharging, the air that is released powers the same turbines to produce energy at a time of
higher demand. CAES is being deployed worldwide for commoditized energy storage, since it
has large rated power and energy storage capabilities.
CAES has been around since the 1960s and can usually hold loads on the scale of hundreds of
megawatts at a time. Although the technology is location dependent, there have been some new
facilities produced in recent years, with a promising future for more potential locations. Some
notable sites currently being planned include a 500-MW facility in Texas and a 1,050-MW
facility in Russia [4]. There are also many plants that have already been in use for a while. There
is a 290-MW system in Huntorf, Germany and a 110-MW system in McIntosh, Alabama [4].
These were built in 1978 and 1991 respectively, long after the rush for PH had taken place. This
shows that given a successful technology, the energy storage market is prone to adopting new
type of storage.
2.2.4 Flywheels
As an emerging technology, flywheels have generated a lot of buzz in recent years. This
technology can be used to supply smaller amounts of energy more quickly than either CAES or
pumped hydro. It has low lifetime costs but good reliability, making it more widely used in the
domestic markets for applications such as spinning reserves and ramp and voltage support [4]. In
flywheels, a rotor gains speed to become charged. Once the flywheel is at a peak velocity, it can
ideally hold mechanical energy for long periods of time in the form of kinetic energy. When the
flywheel is discharged, the momentum of the wheel is converted to electricity. Flywheels usually
cost around $1900-2250/kW, but around $8000/kWh [3], but have much less maintenance
required due to the lack of chemicals within the system. Producers of flywheels are looking more
into how to grow the size of the flywheels to take advantage of the centrifugal force and angular
momentum that keeps the system running [27].
Unfortunately, although they have high power density, they have fairly low energy density and
capacity related to their cost. Flywheels have a very long cycle life, rendering them useful for
high-power applications [4] due to their ability to discharge deeply without cycle life
degradation.
Although invented and researched in the 1970s, many scientists believe there is much room for
technological growth, dependent mostly on innovations in the materials used for the rotors [4].
Most of the more notable installations of flywheels are not related to grid-stabilization
applications. A system of three 160-kW flywheels is in place at a semiconductor manufacturer
in Rousset, France to stabilize a power source. Other industries that rely on precision also use
flywheels. However, flywheels are also in use on trains in France to help absorb energy produced
from braking trains. Beacon Power recently received a grant from the DOE in order to develop a
commercially ready flywheel [7]. Additionally, with minimal maintenance only involving the
replacement of bearings and oil changes, the flywheel is growing in popularity among energy
storage enthusiasts.
2.2.5 Superconducting Magnetic Energy Storage (SMES)
This technology uses energy stored in a strong magnetic field to supply power at necessary
times. In order to avoid overheating, it must be kept at very cold temperatures, but manages to
reach round trip efficiencies over 99% [4]. SMES performs well for applications that require
quick, powerful bursts of energy, but is not as useful for long-duration applications.
Additionally, the charge-discharge ratio for this technology is extremely high (90:1) due to
temperature requirements upon charging. Costs are estimated at a around $509 per kW [4].
CHAPTER 3 - GRID LEVEL APPLICATIONS
3.1 ENERGY STORAGE INTRODUCTION
Energy storage has become an important part of world culture since its development. While
much of the focus has been on making technology lighter and more energy dense for portable
applications, a great need for large-scale, long duration storage has emerged over the past 20
years, with the population growth of the world. Batteries in particular have advantages such as
quick response time and ability to be installed in any geographic setting. Energy storage
technologies, specifically batteries, can make an impact on electrical grid-level applications. In
fact, there are over 17 different applications on the grid level alone.
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Figure 11. Electricity Storage Time versus Power Requirements. There are many different
applications that require different combinations of discharge time and power. The circled
applications are the focus of this study.
While a residential house can invest in a home energy backup system, a commercial utility can
invest in a large system used to store power cheaply and sell it during peak priced times. A
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company can regulate their voltage to ensure good power quality, or even just save some money
by decreasing demand charges imposed by utilities. A utility can help avoid a power shortage or
outage by placing a battery in a peak load energy usage area, or help change the face of the
energy market by stabilizing a renewable energy generator. Basically, energy storage can be used
for more applications that just lightweight, portable electronics. Technologies have emerged that
can help drive the electricity market in a safer, more reliable, and more environmentally friendly
direction.
3.2 PRIMARY GRID LEVEL APPLICATIONS
There are five main categories into which the 17 different energy storage applications fall. These
five categories are Electric Supply, Ancillary Services, Grid System, End User/Utility Consumer,
and General Renewables Integration [28]. Each one of the applications in this study comes from
one of these five major categories, providing a fair assessment of applications over the entire
spectrum of potential energy storage usage.
3.2.1 Renewables Off-Peak Storage
Wind and solar power, while unreliable at times, have a distinct future within energy production.
The ability to create a system in which the necessary power output will be able to be provided at
all times is crucial to the survival of wind and solar technologies. This application requires very
large amounts of power (between 10 and 100 MW) [3] to be able to be discharged over several
hours, and possibly days. Being able to store power during times when supply of energy exceeds
demand, and releasing that same power when demand exceeds supply is known as time shifting
[29]. A battery is a good energy sink during times of high renewable energy generation and low
consumer demand, while also useful as an energy source during times of low renewable energy
generation and high consumer demand. This application falls under the General Renewables
Integration category.
3.2.2 Ramp & Voltage Support
From both the supply and demand side of energy production, ramp and voltage support is
necessary. On the supply side, renewable energy production often has large, fast drops or rises in
the amount of power being generated. On the demand side, certain end-users, such as arc
furnaces rapidly increase the demand for generated electricity. In either case, this rapid increase
or decrease of output or input is difficult to match within a short period of time and is even
harder to predict [29]. Therefore, usage of a large high-amperage battery would be able to ease
the unpredictable transitions in production or usage. While this application requires potentially
large amounts of power (1-10 MW) [3], the amount of time required for discharge is much less
than off-peak storage applications. This application falls under the Ancillary Services category.
3.2.3 Mobile Transmission & Deferral
Many power lines and local power stations are on track to having higher demands than they are
able to produce, mainly due to urban energy usage growth. Capacity upgrades to these systems
are quite expensive and require ample time to complete [29]. The addition of a large-scale
battery would be able to provide necessary output, while being significantly less expensive in
most cases. This would not only defer costs associated with replacing lines, but also increase the
lifetime of the infrastructure that is currently in place. This application requires a battery that
would be able to discharge large amounts of energy for hours, but not days at a time [3]. This
application falls under the Grid System category.
Within Mobile T&D, there are two subgroups of markets that exist. These groups are separated
by their need for capacity upgrade. Providers that fall within the top 50% of all electric utilities
across the U.S.A. in regards to need for capacity make up the "50th percentile" group. Those that
fall within the top 10% make up the "9 0 th percentile" group. Those who need the capacity more
are willing to pay more for an electricity storage system, which will increase the financial benefit
and market valuation of each technology.
Additionally, Mobile T&D upgrade applications can be broken up into different categories based
on the amount of upgrade provided. For example, a 4 MW addition to a 12 MW system is
considered a "33% capacity upgrade" while a 6 MW addition is a "50% capacity upgrade". The
percentage is based on the initial capacity size. 50% upgrades are considered to be more
valuable, since they elongate the time available before an additional grid capacity upgrade is
required.
3.2.4 Demand Charge and Time-of-use (TOU) Cost Management
Time-of-use (TOU) charges are in price hikes that are charged by a utility at peak times of
energy usage. This price change reflects simple supply and demand economics and helps utilities
gain more revenue while potentially helping lower the risk of outages. Demand charges are flat
rates that utilities charge for the highest amount of power used in a short period and are usually
priced on a per-kW-month usage basis [29]. Energy stored with a system and discharged at the
time of expensive TOU rates can help the end user avoid extra charges and save money. Battery
power discharged during times of high usage will lower monthly demand charges. For the
purpose of this study, benefits from demand charge management and TOU cost management will
be stacked, since their application compatibility is almost inherent. This application falls under
the End User/Utility Consumer category.
3.3 APPLICATION COMPATIBILITY
While individual application opportunities can be profitable, it sometimes makes more sense to
have one battery system provide power for multiple applications. In the cases of these
applications, many of the batteries may be able to provide different functions for the same price
of one installation. This would help increase the return on investment from an implemented
system while decreasing the payback period required for purchase my most utilities. This will be
referred to as coupled benefits.
Compatibility is dependent on a few different factors. Firstly, the size of the installed system can
differ drastically with application. Additionally, the power to energy ratio requirement is
different for many applications. Some require short bursts of power (and low DoD) to stabilize a
source while other require long-duration discharges to ensure a steady power supply for hours.
Cycle life requirements for applications are fairly similar for the four applications in this study.
When two applications have a compatibility rating of "good" or "excellent", they have similar
requirements and therefore can both performed by one installation (providing extra financial
benefit). With a rating of "fair" or "poor", it is unlikely that one installation will be able to
provide sufficient requirements for multiple applications.
Seeing as lifetime is fully dependent on number of cycles and the number of cycles is set for
most technologies, purchasing a system for two incompatible applications would be nothing
more than a waste of capital. A table of compatibility among the four applications can be seen
below.
Table 2. Energy Storage Application Compatibility3
Renewables Ramp &
Application Energy Off- Voltage Demand &
Peak Storage Support T&D Deferral TOU
Renewables Energy Good Good GoodOff-Peak Storage
Ramp & Voltage 5Ruot Good Excellent Good
support..........
T&D Deferral Good Excellent Good
Demand & TOU Good Good Good
As seen above, the compatibility of these applications is highly favorable, which may open up
the possibility of coupling benefits in order to improve financial gain provided by a particular
installation.
3.4 SECONDARY GRID LEVEL APPLICATIONS
While this paper focuses predominantly on four specific, individual applications, there is much
room within the energy storage market for the battery industry to expand. In fact, there are 17
total applications and these can be sorted into five major categories. Since this main goal of this
study is to build a framework for analyzing technologies for applications, only a few examples of
opportunities within four of the 5 categories will be analyzed.
3 Compatibility ratings taken from 28. Eyer, J., Energy Storagefor the Electricity Grid:
Benefits and Market Potential Assessment Guide. 2010, Sandia National Laboratories:
Albuquerque, NM. p. 232.
3.4.1 Electric Supply
Within electric supply, the two major applications are energy time-shift and supply capacity [28].
Otherwise known as arbitrage, this application takes advantage of differences in energy prices
during the time of day at which energy is sold. The fundamental idea behind arbitrage is "buy
low, sell high" [29]. This paper does not focus on arbitrage as one of the primary applications of
this technology, mostly because it is similar to the off-peak storage application, for which energy
is time-shifted.
3.4.2 Ancillary Services
Ancillary Services include applications such as load following, area regulation, supply reserve
capacity and ramp & voltage support. A system used for load following would protect the entire
grid from large surges in energy uses from a particular source by providing the necessary energy
output at a given time. Area regulation can aid in the protection of a utility system or
transmission line by damping, or moderating small changes in demand or supply of power [29].
Currently, area regulation is handled by generating more energy than required for a quick surge
in demand. This is wasteful, inefficient and expensive. Electric Supply Reserve Capacity
applications include spinning reserves, supplemental reserves and backup supply power [28]. All
of these minor applications are useful during sudden outages, when a power source is needed to
either help start regeneration of power, or reintegration of power onto the grid after an incident.
Lastly, ramp & voltage support is one of the primary applications in this study.
3.4.3 Grid System
Another part of the supply chain that can be heavily influenced by energy storage is the grid
system section, or the mid-user. Some examples of grid system applications are transmission
support, transmission congestion relief and substation on-site power [28]. Mobile or Stationary
Transmission & distribution upgrade deferral is a very lucrative application of energy storage.
Transmission support can be defined as any application of a system that might help aid the load
carrying capacity of a utility's power. Additionally, a system can provide transmission
congestion relief, which similar to other applications that help lower the risk of a shortfall of
capacity [28]. Having an on-site power source to help control and protect expensive equipment
from electrical damage is also lucrative, but faces a fairly small market.
3.4.4 End User/Utility Customer
Demand Charge Management and TOU Cost Management are the main end user application in
this study. Other applications include electric service power quality and service reliability. While
service reliability is dependent on avoided costs due to short outages, the other two secondary
applications take advantage of charges enforced by energy providers. Large load increases on a
system, can cause frequency changes and potentially hazardous voltage drops. Avoiding a
voltage drop by outputting a small burst of energy when required would help avoid power
outages and system failures during simple periodic increases in load.
3.4.5 General Renewables Integration
Renewable integration applications are the most politically favorable applications of energy
storage. Additionally, the majority of funding in the field of energy storage goes towards finding
a solution to renewable energy generation integration. While renewables capacity firming is an
important application to the success of renewables, it is the wind generation grid integration and
renewables time-shift applications are most necessary [28]. Capacity firming ensures that a
renewable energy source can provide the promised power output at any given time to a utility. If
they do not, they incur expensive charges and power must be generated by conventional, dirty
methods.
CHAPTER 4 - APPLICATION MARKET ANALYSIS
4.1 OPPORTUNITY
For the four specified applications, the end user of the product would be the average energy
consumer, whether it is in the residential, commercial or industrial markets. More likely than not,
however, the largest purchasers of energy storage will be utilities [7]. While energy storage could
be used for personal generators and smaller residential and commercial storage applications, the
safety concerns regarding the high operating temperature (mostly for technologies such as LMB
and NAS) are least relevant at a large energy generation plant.
Even though storage might seem like a fantastic investment, many utilities have not seen a clear
monetary incentive to adding capacity until recently. In many cases, since outage control and
power quality are not tangible assets, the valuation is given unfairly and oftentimes sways the
utility to put off adding capacity (since it is not absolutely necessary at the time). For this reason,
energy storage technology is often underutilized by utilities. Governments can incentivize
utilities to purchase energy storage by two ways. They can lower the cost of renewable
technology, via tax credits, rebates or exemptions. Government could also tax carbon from dirty
technologies, such as coal or oil. Either way, utilities would then be incentivized to purchase
energy storage.
Additionally, the rising costs of power outages (namely in the form of lost opportunity cost)
should help the push for storage in applications such as mobile transmission and deferral and
ramp and voltage support. In the U.S.A., financial analysis of technology usually determines how
money is spent. Even if stabilization were absolutely necessary, any utility would be hesitant to
invest if the net present value of investment was below zero throughout the desired period of
usage. As of right now, even the best technologies for these applications require a 15-20 year
period for a positive return for some applications [30].
4.2 MARKET CHANNELS
The primary channel of distribution for batteries is from the factory to utilities. However,
order for utilities to want to purchase energy storage, they must see a clear need for it.
government places strict regulations and renewables portfolio standards, the purchasing
additional energy storage becomes economically favorable.
Figure 12. Problems occur when the demand load exceeds supply. This happens rarely, but
is catastrophic when it does.
After rolling blackout troubles in California and the major northeast blackout in the early 2000s,
more utilities are beginning to realize the benefits of storage for stabilization. As seen in the
image above, even though close calls only occur less than 5% of the time, outages that do occur
are catastrophic.
4.3 MARKET DEMAND SIZING
While many reports estimating the total size of the demand market for energy storage for many
grid stabilization applications have been released within the past few years, a general consensus
on potential market size for many applications still has not been reached. While all of these
reports agree that there will be significant growth within the next 10 years, the order of
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magnitudes of this growth differ greatly. While a report from PikeResearch estimates a jump in
market size from $329 MM in 2008 to $4.1 B in 2018, a conflicting report from PiperJaffray
estimates a market size over $200 B in 2020 [31].
Renewable Energy Off-Peak Storage
Roughly 35 gigawatts of wind power are installed in the U.S.A and almost 160 GW are installed
worldwide [32]. The demand of wind power that could be stored within a battery reaches about
17,670 MW of power in the US [3]. However, a feasible market target market is closer to 14,000
MW. This is not as large of a difference in comparison to other applications since most
renewable energy technologies are new and lack proper electricity storage currently. This
provides ample space for the integration of storage technology if the price is right.
Another report however, claims that demand for this type of application might even be as high as
36,834 MW for all renewable energy generators in the U.S.A alone [5].
Ramp & Voltage Support
The market demand for this application is estimated to be as large as 4,310 MW domestically
with about 3,450 of those MW being able to be captured by battery technology [3]. This tool is
necessary for integration of wind energy, which has very large changes in output power
occurring over small amounts of time. It can also be used for non-renewable energy sources as
well, as a way to avoid catastrophic power failures.
Other sources believe that the market potential for voltage support is closer to 9,209 MW
domestically [5].
Mobile T&D Deferral
This application has a demand of about 4,310 MW domestically, but likely only about 3,440
MW of that can be achieved [3]. However, mobile transmission and distribution deferral is also
one of the most lucrative industries, since a clear financial benefit of avoided costs is seen
upfront. Additionally, with an aging grid, the need to upgrade becomes more apparent. This
pushes the demand for Mobile T&D to an even larger level than the one currently predicted.
Another report estimates mobile T&D market size close to 5,000 MW for the 5 0th percentile and
1,000 MW for the 9 0 th percentile [5].
TOU & Demand
The estimated demand for TOU and Demand charge management combined differs for both
commercial and industrial markets. While the commercial sector has a total market potential of
5,280 MW, the feasible potential is only around 1,850 MW. For the industrial sector, the total
market potential is around 20,400 MW with a feasible market size of 7,140 MW [3]. The former
number represents how many consumers that could invest in energy storage (total market
potential) for TOU & Demand applications and the latter describes how many actually likely to
invest (feasible potential).
4.4 USE PROFILES
The following use cases are the examples of installations that will be used throughout the study.
These are based on estimations of how real installations would be built and the specifications
they would have. Having a consistent set of requirements is important to set the standard for the
comparison and show the best-suited technology for each application. Use profiles for these
applications are based on other use profiles provided in Electric Energy Storage Technology
Options: Primer on Applications, Costs, and Benefits [3]. Different sizes and durations of each
use profile are based on the industry averages, but chosen arbitrarily as an example system.
Additionally different sizes were utilized for different applications to provide a broad spectrum
of cost versus benefit for installations.
Table 3. Energy Storage Application Use Profiles (based on industry averages and used in the analysis)
*(From an initial 12MW)
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CHAPTER 5 - TECHNOLOGY COMPARISON
5.1 JUSTIFICATIONS OF CRITERIA
5.1.1 Total Energy Per Cycle
The total energy a battery system can deliver during one full discharge cycle is more than just the
rated power it is given upon purchase. It encompasses how much energy can actually be stored
and released from the system. Although many sellers will advertise a rated power, discharge time
and cycle life, it is very rare that these values will hold true throughout the duration of the
battery's lifetime.
In a growing industry, it is not surprising that competing technologies are trying to prove that
their batteries will last longer than their competitors. Since certain applications require deep
depths of discharge, specifications that companies give may not account for the energy that will
actually be discharged in practice. For example, a 60 kW, 5 hour rated system may only provide
about 150kWh per cycle if it runs at 75% efficiency and a 66% depth of discharge.
The calculations used in the analysis are based on the rated power, battery efficiency, discharge
time and the depth of discharge required for the application. This provides a more realistic and
comprehensive value than just the rated energy of the system.
The total energy per cycle value is calculated by multiplying the rated power by the discharge
time, efficiency, and depth of discharge of the battery.
The main calculation for total energy per cycle is quite simple and is calculated by the following
algorithm.
TotalEnergy I cycle = Power(kW) x Usage(hours) x Efficiency x DOD
The total energy per cycle is probably the most important criteria when comparing any battery
technology. It drastically affects the lifetime cost of a system as well as the lifetime financial
benefit, which are two pivotal cornerstones of energy storage technology investment decisions.
5.1.2 Cycle Life
Cycle life is another important step for determining a storage technology's usability in certain
applications. A strong cycle life, or the total number of cycles that the battery can perform before
failure, can help lead to lower lifetime costs. The more total lifetime energy that can be provided
from the battery, the total cost of the battery and maintenance can be amortized over the lifetime.
Lower amortized costs ideally lead to desired investment in the technology.
Cycle life is measured from the first cycle until the battery can no longer perform up to par with
its rated power and discharge time. This can be due to either final battery failure, or significant
capacity loss. Some manufacturers claim that the end of the life of a battery is when it can only
store about 80% of its rated capacity.
5.1.3 Lifetime
Similar to cycle life, lifetime predictions are essential to the survival of a battery technology.
Although lifetime is only the cycle life of the battery over the expected usage for a certain
application, it can vary greatly depending on the circumstances surrounding the application. For
this study, there is only one type of expected frequency of occurrence of events, which is 300
occurrences per year.
5.1.4 Energy Density
While energy density is not as important for some applications as it is for others, it is still notable
that high energy density is favorable for many reasons. Firstly, a higher energy density yields a
lighter or space saving system, which would be ideal for many utility plants that do not have a lot
of room for expansion. Additionally, energy density affects the total weight of a system, which is
important for some mobile applications, such as Mobile T&D deferral.
5.1.5 Scalability
Scalability is the ability for a battery to have either multiple modules stackable in a system, or
have the potential to have an increase in size and capacity for each cell. As the scalability of a
battery type increases, the cost (ideally) decreases since economies of scale can be utilized.
When looking into the scalability of a technology, it is important to look at the physics and
chemistry behind the battery, as well as prior installations and how they have performed on a
larger scale.
5.1.6 Portability
The portability of a system is affected by three main factors. Similar to energy density, the
system weight is important for transportation purposes (lighter systems are easier to transport).
Additionally, the size of the mobile installation is important when looking at ease and cost of
transportation. Lastly, safety and regulatory factors are important when looking at the portability.
Certain technologies with poor heat dissipation or an unfavorable reaction to temperature
changes may provide safety problems upon transportation. Additionally, a system with more
moving parts is more susceptible to damage upon transportation.
5.1.7 Self Discharge
For some applications, a full power source is required at all times. Systems that lose their stored
capacity at a fast rate (due to diffusion or poor mechanics) are less likely to be suited for an
application which large amounts of power are needed instantaneously. Self-discharge is rated
either a "0" or a "10" depending whether the system is susceptible to self-discharge.
5.1.8 Max Charging Power Above Rated Power
In many applications, systems are overcharged or over-discharged in comparison to their rated
power. Some battery technologies can handle this better than others. In some cases, side effects
such as the buildup of toxic or flammable gases within the battery or significant capacity loss can
lead to dangerous results, compromising the safety and functionality of a battery system.
Applications that have unpredictable surges or draws of energy need to be able to safely account
for these differences in energy input/output.
5.1.9 Annual Maintenance Cost and Ease
Certain storage technologies require much less maintenance than others. While less maintenance
is more favorable from a longevity of lifetime standpoint, high costs of maintenance can also add
up over the life of the battery, skewing the actual cost of investment.
5.1.10 Plant Footprint
Some applications would require ample space for an installation due to poor energy density or
scalability. For many utilities that are in urban areas, there is not a lot of ample space. Certain
applications are more prone to being placed in high population density areas. This makes plant
footprint a deciding factor for some applications.
5.2 ASSUMPTIONS
The values calculated for lifetime and total energy per cycle assume a 0% decrease in efficiency
and capacity over the lifetime battery. Capacity loss will be accounted for in the cycle life
section of the battery.
All power and capacity ratings are based on industry averages or come from actual product
specifications from producers of the battery types. Power ratings for certain applications are
scaled up based on smaller, but real, installations in use for grid applications. The cycle lives of
each battery for each application are given by industry findings or, in the case of the LMBs, from
theoretically calculated values.
Lifetime values are based on estimations of the frequency of usage of energy storage annually.
Cycle life values are assumed to remain constant for each application, seeing as the DOD is the
similar for all applications.
Self-discharge is weighted on a binary scale. Each battery type receives either a score of 10 or 0
for this criterion, since it is either susceptible to self-discharge or it is not.
Maintenance costs and descriptions were obtained from the EPRI-DOE Handbook of Energy
Storage for Transmission and Distribution Applications. Operations and Maintenance costs that
were not found in that paper were estimated on a percentage of capital cost basis.
Plant footprint values came from actual usage data or an estimation of footprint based on the
total power of a system divided by the total size of the installation.
5.3 CRITERION WEIGHTING
Listed below are the ten different criteria discussed in section 5.1. For each application, they
have been given a score based on importance. Scores were weighted appropriately from different
experiences in the real world as well as practical reasoning for certain criteria.
Each application was rated on a maximum of eight criteria with some being omitted in certain
cases. Criteria were then placed in a cause & effect matrix. This matrix multiplies the rating of
importance of the criterion by each technology's performance in that criterion and outputs a
score. The score is then added to other scores for different criteria and a total score for the
technology's suitability for an application is output. The scores for all technologies are then
summed and each technology receives a final suitability percentage score as well as a ranking.
Table 4. Specifications for Installation versus Application Criteria Weighting
Soecification
Total Energy per
Cycle (kWh)
Cycle Life
Lifetime (years)
Energy Density
Scalability
Portability
Self Discharge
Max Charging Power
% Above Rated
Power
Annual Maintenance
Plant Footprint
(kWh/m2)
Off-Peak Ramp & Mobile TOU &
Storage Voltage Transmission & DemandSupport Deferral
10 10 10 10
10 10 10 10
10 10 10 10
3 5 7 7
7 5 3 1
1 1 10 1
--- 10
7 --- 5 ---
3 3
-- 7 10
As seen above, the three most important criteria across the board are total energy per cycle, cycle
life, and lifetime of the battery. The rest of the weighting numbers came from industry findings
and reports about the importance of certain factors in choosing an energy storage technology for
particular applications. Battery performance for certain applications will showcase general
performance for all applications with similar use profiles. For example, the renewables off-peak
storage profile is technologically similar to all long-duration, high discharge applications.
After the criteria are weighted, each technology is given a ranking and a percentage score for
each application. The percentage score is the amount of points for a technology divided by the
total number of points for the application among all technologies. Therefore, the percentage
scores how much better suited technologies are for applications based on their weighting and
performance. In-depth references for each number in the technological analysis are provided in
Appendix I.
5.4 OFF-PEAK STORAGE
For off peak storage total energy per cycle, cycle life and lifetime of the battery are by far the
most important factors. Those three values lead to the ease of production and longevity of the
system. Additionally, any renewable off-peak storage system needs to be scalable to affordably
meet the needs of any generation plant. The overcharging capacity is also crucial for this type of
application. Since renewable energy sources, such as wind power tend to be rated as an average
percentage of output, it is not uncommon to see many times when generation above the rated
power is available. For example, a wind generation plant may be able to produce 100 MW of
power, but may only be rated at 30 MW since that is the average production when the wind is
available. However, if the plant is able to generate 50 MW of power, a battery must be able to
charge at that power without malfunctioning.
For off-peak storage, the LMB is the best fit. Other good options include NaS batteries and
theoretical Li-ion (Li-OP) technologies.
Table 5. Off-Peak Storage Technology Comparison
5.5 RAMP & VOLTAGE SUPPORT
Ramp & Voltage support applications require good scalability, energy per cycle, cycle life, and
lifetime as well. However, the avoidance of self-discharge is extremely important for this
application as well. A backup power source must be available and fully charged at all times in
order to be functional in an electrical emergency. A system that is also only in use once every
few years (for a major outage) also needs to have a low maintenance requirement, since its
benefit is only received once in a while.
For ramp and voltage support, NaS, LMB and Li-Op are the dominant technologies.
Table 6. Ramp & Voltage Support Technology Comparison
NaS 20.0
LMB 2 19.0
Li-OP 3 18.6
LLLA 4 15.9
Li-RE 5 14.3
Flow Battery 6 12.3
5.6 MOBILE TRANSMISSION & DISTRIBUTION DEFERRAL
Mobile T&D has fairly different requirements than either of the previous two applications.
Portability and plant footprint are key deciding factors for mobile applications. The nature of a
system used for mobile T&D deferral is to be used for a couple of years and then moved to a new
spot that requires an upgrade. Additionally, a system can be used in place while an upgrade is
being performed. Either way, a lightweight, small space system is favorable over a bulky, heavy
one.
For this application, Li-OP, LMB, and NaS are favorable technologies due to their superior
portability, life cycle (estimated), and total energy per cycle.
Table 7. Mobile T&D Deferral Technology Comparison
Li-OP 21.0
LMB 2 17.7
NaS 3 17.5
Li-RE 4 16.8
LLLA 5 13.8
Flow Battery 6 13.1
5.7 TOU & DEMAND
TOU & Demand provides a drastically different set of requirements, seeing as the cycle life is
most important. Plant footprint has also been seen to be extremely important since many
facilities that desire storage for this application do not have a lot of free space. Additionally,
residential and commercial opportunities in urban areas that require greater space also incur
greater costs.
For the stacked TOU & Demand application, the ranking proximity between technologies is
fairly close across the board, but LMB, Li-ion, and LLLA technologies are still favorable.
Table 8. TOU & Demand Charge Management Technology Comparison
LMB 19.2
Li-OP 2 18.5
LLLA 3 17.5
NaS 4 15.5
Flow Battery 5 15.3
Li-RE 6 14.0
CHAPTER 6 - COST COMPARISON
6.1 TYPES OF COSTS
Cost is the first of two important decision factors in the financial analysis. A user of the
technology can take advantage of lower costs as technology improves and infrastructure grows.
For any grid-level application energy cost (measured in $/kWh) and power cost (measured in
$/kW) are two of the most prominent deciding factors. The graphic below showcases different
storage technologies and the comparative costs they currently have.
Figure 13. Energy Cost versus Power Cost of Energy Storage. There is greatest potential
for cost effectiveness in LMB technologies. From [18]
Among other deciding factors are more specific costs associated with each technology. The costs
estimates are gained from industry expert sources, related publications, or actual technology
price quotes and specifications. In-depth references for each number in the cost analysis are
provided in Appendix II.
Costs were calculated by dividing the summation of costs for a particular use profile of a
technology by the expected energy output (total energy per cycle) for Total Cost. For Lifetime
Cost, the summation was divided by the total energy per cycle and the cycle life.
6.1.1 Capital Cost
Capital cost is measured in millions of dollars for this study. The capital cost of the battery
technologies analyzed is calculated from multiplying an industry standard $/kW cost for the
battery by the number of kW a battery is rated. Since batteries are sold by rated power (not
actually emitted power), the actual cost per kW will be higher than cost values provided by a
battery seller. In some cases, major producers gave actual price quotes for particular battery
specifications. This encompasses the cost of the battery only, which includes materials and
manufacturing cost. In the case of NAS batteries, capital cost also includes balance of plant
(BOP) and power conversion system (PCS) costs, since NAS batteries only have one major
manufacturer.
6.1.2 Battery Cost
Battery cost is measured in dollars per kWh in this study. In the case of a price-quoted battery,
the battery cost is calculated by dividing the capital cost by the total amount of energy
discharged per cycle. This accounts for efficiency and depth of discharge losses to the rated
power and energy of the battery. Otherwise, the battery cost has been modified from values from
relevant literature to account for efficiency and depth of discharge of battery technologies.
6.1.3 Power Conversion Systems (PCS)
Power Conversion System (PCS) cost covers any cost associated with electronics that regulate
the battery input or output. In many cases, power electronics ensure safe charge and discharge of
batteries for a long lifetime. This also includes the electrical interfaces required to supply energy
to the grid in the required amounts for a consistent supply [5]. Power conversion system cost is
given in either $/kW or $/kWh depending on the battery type and information available.
6.1.4 Balance of Plant (BOP)
Balance of Plant costs include all other major costs associated with the upfront purchase of a
battery system. Some of these costs are connection to the grid, transformers, land, buildings and
systems integration [5]. In certain applications, the monetary values for PCS are included in
BOP. Balance of plant cost is given in either $/kW or $/kWh depending on the battery type and
information available.
6.1.5 Variable Operations & Maintenance
Variable O&M costs are associated with losses due to inefficiencies within the battery or system.
Those include cost due to self-discharge, current losses, standby losses, pumping losses and
thermal losses [5]. Variable O&M costs are given in $/kW.
6.1.6 Fixed Operations & Maintenance
Fixed O&M costs are associated with any planned maintenance that is associated with a battery
technology [5]. Some examples of fixed O&M costs are electrolyte or electrode replacement and
routine inspections. Fixed O&M costs are given in $/kW.
6.1.7 Replacement Cost (CAPEX)
Replacement cost is incurred at the end of a battery's lifetime in the case that it does not last for
the required 15-year period of the study. In this analysis, only two battery technologies incur a
replacement cost, flow batteries and Li-RE batteries. The replacement cost is shown in the
CAPEX line of the financial analysis upon the year of purchase. Flow batteries only incur a 55%
CAPEX replacement cost since only the membrane (which is 55% of the total battery cost) [11]
needs to be replaced to restart cycle life. Li-RE batteries must be entirely replaced and therefore
incur a full battery cost.
6.1.8 Charging (O&M) Cost
Charging cost comes directly from the price of purchasing energy to store a battery for
application usage. Power is assumed to be purchased at the cheapest rate available and a on a
$/kWh basis. The only applications which already have charging costs included within their
financial benefit analysis are time-shift and time-of-use applications [33].
6.1.9 Disposal
Disposal costs are provided at net present value of the future cost of disposal of a cell stack.
Systems with replacements required have this cost adjusted for multiple systems.
6.1.10 Labor
Labor costs are measured on a $/kW basis for the initial rated power of the battery. Values are
based on estimates from Evaluation of Flow Battery Technology: An Assessment of Technical
and Economic Feasibility [ 11 ].
6.2 ASSUMPTIONS
For this study, it is assumed that the annual degradation of a battery is equal to zero. Therefore,
costs per kWh are based on a battery with a 0% decrease in capacity over its lifetime. While this
is almost unheard of within the battery industry, it provides a fair comparison among all battery
technologies.
Additionally, many costs are given on a dollar per rated kW. Although this study makes a
complete cost analysis based on actual energy output, the input costs are still given based on
rated power. These include costs such as O&M, capital, BOP, PCS, NPV Disposal, and Labor.
In this study, many values for certain cost parameters were consolidated by the original sources
from which they came. For example, Fixed and Variable O&M costs were provided as a total
value for some battery types as opposed to broken up into specific categories. Additionally, some
estimates include PCS within BOP or in some cases, both PCS & BOP in capital cost.
The liquid metal battery costs do not include markup charges, which would be used in actual
practice. All other battery types were purchased from manufacturers who had already applied a
markup or are price quoted to already include a markup.
Some battery types also do not last the required lifetime for some applications. Those battery
types are the ones that incur a replacement cost.
6.3 OFF-PEAK STORAGE
For this study, off-peak storage can be closely modeled after renewables time-shift studies.
These studies call for very large amount of power and energy capacity to be utilized for the
application. Accounting for all of the costs associated with a 30 MW, 5-hour battery, the total
capital costs are listed below. Also shown are the unit energy cost in $/kWh (for one cycle) and
the lifetime cost in $/kWh. The latter is used in overall comparisons to currently used energy
production methods (such as coal and oil).
A full cost analysis (with references) is in Appendix II.
Table 9. Off-Peak Storage Cost Comparison
LMB-C 23.79 88.82 0.029
LMB-A 28.68 115.13 0.035
LMB-B 53.09 246.71 0.065
NaS 119.97 760.62 0.193
Long-Life Lead Acid 36.48 617.16 0.197
Lithium Ion (Optimistic) 146.70 1125.86 0.283
Flow Cell 75.65 576.92 0.346
Lithium Ion (Realistic) 180.15 1542.52 0.579
From an economic perspective, different technologies are able to provide very different results.
For example, although the capital cost of NAS is much higher than that of LLLA or Flow
batteries, the $/kWh costs are much lower due to a long duration of output and good performance
specifications. The LMB costs are significantly cheaper but are also based on theoretical values,
which have been proven on a small scale, but are still in large-scale development.
6.4 RAMP & VOLTAGE SUPPORT
Ramp & voltage support battery costs are fairly similar, with a few exceptions. Namely, costs for
LMBs rise slightly, and costs for LLLA are much cheaper. This is because when LLLA batteries
are scaled down in size and energy capacity, their BOP & PCS costs decrease at a much faster
rate than other battery technologies.
Table 10. Ramp & Voltage Support Cost Comparison
LMB-C 8.398 88.816 0.031
LMB-A
Long-Life Lead Acid
LMB-B
NaS
Lithium Ion (Optimistic)
Flow Cell
Lithium Ion (Realistic)
10.033
11.866
18.206
40.349
45.754
25.554
65.370
115.132
168.697
246.711
760.618
1125.856
624.451
1681.412
0.037
0.049
0.067
0.195
0.265
0.351
0.630
6.5 MOBILE TRANSMISSION & DEFERRAL - 33% UPGRADE
Similar to other applications, large energy capacity is the driving factor for cheaper costs for an
application. The LMB is able to achieve low costs per kWh. High cost batteries include, current
li-ion technology and flow batteries.
Table 11. Mobile T&D Deferral Cost Comparison (33% Upgrade)
LMB-C 3.355 137.954 0.031
LMB-A
Long-Life Lead Acid
LMB-B
NaS
Lithium Ion (Optimistic)
Flow Cell
Lithium Ion (Realistic)
4.006
4.734
7.262
16.139
18.252
9.530
26.065
164.726
248.655
298.586
876.853
1320.289
654.505
1885.475
0.037
0.049
0.066
0.195
0.264
0.327
0.628
6.6 MOBILE TRANSMISSION & DEFERRAL - 50% UPGRADE
For a 50% upgrade of T&D, the cost breakdown is fairly similar. There are only minor changes
in some battery technologies. Those are technologies that can take advantage of slight increases
in power, but lower cost due to high capacity.
Table 12. Mobile T&D Deferral Cost Comparison (50% Upgrade)
6.6 TOU & DEMAND
TOU & Demand require very low costs since the expected payback is all based on purchasing
energy from the grid and selling it back at a more financially opportune time. For this reason,
high $/kWh technologies might suffer in the financial analysis. Similar to the other cost analyses,
LMB and LLLA are the cheapest on a $/kWh basis, but NAS is able to amortize their high
capital cost over a large lifetime energy output.
Table 13. TOU & Demand Charge Management Cost Comparison
LMB-C 0.435 143.135 0.032
LMB-A 0.542 178.362 0.040
Long-Life Lead Acid 0.652 273.739 0.054
LMB-B 1.078 354.493 0.079
NaS 1.971 856.717 0.190
Flow Cell 2.522 692.802 0.346
Lithium Ion (Optimistic) 3.006 1739.765 0.348
Lithium Ion (Realistic) 8.392 2428.293 0.809
CHAPTER 7 - FINANCIAL ANALYSIS & NPV
7.1 ASSUMPTIONS
For this analysis, a series of assumptions have been made to help firm the framework and
provide a good estimate of net present value of investment of particular technologies for specific
applications. The cash flow framework is based on a similar analysis from StrateGen Consulting
[34].
On all cash flow graphs, the bars represent yearly cash flow and the line represents cumulative,
non-discounted cash flow. For a summation of discounted NPV of investment, refer to the tables
located at the end of the financial analysis section.
7.1.1 Financial Benefit
Financial benefits are based from industry estimates for the particular application. There is no
inflation of energy prices included in this report, and it is assumed that benefit is based solely on
actual output, and not rated power. Output power is based on rated power, efficiency and DOD
per cycle. Additionally, technologies that have longer duration times for an application can take
advantage of higher discharge rates for more financial benefit (on a $/kW basis). Revenue also
ignores potential changes in capacity due to overuse over the lifetime of the battery. Output is
assumed to be constant for the life of the battery.
7.1.2 Expenses
Expenses are based on yearly costs discussed in the cost analysis section. The main costs
involved with the expenses section are fixed, variable, charging and replacement O&M costs.
Additionally, a 0.37% insurance charge is applied annually in the analysis and is based on the
Net CAPEX incurred in the first year or ownership.
7.1.3 Depreciation
Deprecation is based on the lifetime expectancy of the battery. For batteries that last 15 years,
15-year MACR depreciation values are used. For other batteries with shorter lives, depreciation
is based on 7 or 10-year MACR depreciation schedules.
7.1.4 Taxes
Taxes are based on the yearly revenue and expenses. State tax is assumed to be 8.84% and
federal tax on income is assumed to be 35%. For years with negative earnings, a benefit is
received (since it is assumed that taxes will be paid appropriately at a later date). This is based on
general (GAAP) accounting principles.
7.1.5 Net CAPEX
Net CAPEX includes battery cost (CAPEX), BOP, PCS, labor, and NPV disposal costs. These
are all incurred in year 0 of the analysis.
7.1.6 Adjustments to Net Income
Depreciation is added back in after income calculations, since it is not an actual expense
incurred, but a way for equipment degradation to be measured.
7.1.7 Net Present Value (NPV) of Investment
The Net Present Value of Investment provides investors with a concrete number for how much
money is expected throughout the lifetime of the battery by taking into account initial
investment, yearly cash flows and a discount rate. NPV is not only dependent on how much cash
is earned in a year, but also in which year it was earned. For this study, NPV calculations are
based on a discount rate of 7%. NPV is calculated with the following equation
NPV = T , -C
t-1 (1+ r)
where t is the year of the cash flow, C is the cash flow and r is the discount rate. NPV is based on
the premise that money earned at a later time period is worth less than money earned in an earlier
time period [35].
7.2 OFF-PEAK STORAGE
For the purpose of this study, it will be assumed that the market for off-peak storage is strongly
correlated with the market for renewables off-peak time-shift. Based on a 2010 report released
by Sandia National Laboratories, estimates for baseload renewable energy time-shift are around
$54.2/kW-year [28].
This is considered to be within the baseload energy generation market. Therefore, it is valued
much lower than other applications, which fall into the peak reserve markets. Due to the low
value per kW-year and high capital expense costs, no technology breaks even for this
application. Although the market demand is extremely large, the marginal benefit per kW will
not help recover the expenses incurred upon installation.
NAS - Off-Peak Storage Cash Flow
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Figure 14. NAS batteries do not recover the initial capital expense over an entire lifetime of
usage. A green bar denotes each annual cash flow and a red line denotes the total
cumulative cash flow (non-discounted).
Although none of the technologies were able to break even financially over a 15-year lifetime,
some technologies came closer than others. Since this assessment does not include some factors,
such as government incentives, technologies may be able to break even in the Financial
Adjustments chapter (Chapter 8). While the above cash flow graph is only for NAS batteries, all
technologies have similar cash flow graphs. This is because renewables off-peak storage is a
market in which profit margins are thin. While some technologies have less negative NPVs than
others, it is mostly dependent on initial cost of the installation.
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Table 14. NPV of investment and years until initial capital expense is recovered for off-
peak storage.
NAS Flow LLLA Li-Op Li-Re LMB-A LMB-B LMB-C
NPV -$81,299,573 -$65,286,508 -$20,910,937 -$92,635,529 -$164,514,193 -$12,847,858 -$31,342,318 -$9,222,360
Years to
break even
7.3 RAMP & VOLTAGE SUPPORT
Ramp & Voltage Support can be split into two distinct markets. In both markets, the value is
located in the avoidance of losses due to a major power outage among the grid. The value
estimates are for the avoidance of one power outage over a ten-year period. Voltage drops are
most often reported at system peak load, and will be analyzed accordingly.
7.3.1 Low Estimate
The low market estimate represents a customer base that gains some value from voltage support.
For these customers, a one-hour outage scenario will be applied. Cost associated with this outage
can be estimated at $20/kW for system peak load per one-hour occurrence. Since peak load is
reached about 5% of the time for most utilities, the total value of energy storage for this
application can be estimated at $400/kW over a ten-year period [28]. Value is realized in the
benefit from avoiding outages at system peak load divided by the time spent at system peak load
over n installation's lifetime.
7.3.2 High Estimate
The high estimate scenario represents a customer base that gains high value from voltage
support. For these customers, a two-hour outage scenario will be applied (since an outage is
twice as economically damaging). Cost associated with this outage can be estimated at $40/kW
for system peak load per occurrence. For this application, value can be estimated at $800/kW
over a ten-year period for the same reasoning as above.
7.3.3 NPV of Investments
In all cases, no technology is able to achieve a positive cash flow break even point or a positive
NPV. While some technologies come close to breaking even, others fail to even generate a
positive trend in cash flow. The higher row in each pair is for the one-hour, medium value outage
(Low) avoidance and the lower is for the two-hour, high value outage (High) avoidance
estimates.
Table 15. NPV of investment and years until initial capital expense is recovered for ramp &
voltage support. The upper row designated the "low" estimate and the lower row
designates the "high" estimate.
NAS Flow LLLA Li-Op Li-Re LMB-A LMB-B LMB-C
NPV -$28,991,580 -$23,595,442 -$7,489,665 -$31,858,497 -$60,861,639 -$6,531,862 -$12,744,167 -$5,289,401
-$26,628,438 -$21,168,232 -$5,424,557 -$29,201,222 -$57,903,388 -$3,916,751 -$10,086,668 -$2,682,768
Years to - - -
break even - - - - - - - -
Due to the nature of this benefit, a spike in cash flow every ten years is the only form of revenue,
and must be greater than all annual O&M costs to provide an average positive flow. This,
however, creates a jagged surge in cash flow over the lifetime of the battery.
LMB-C - Ramp & Voltage Support Cash Flow
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Figure 15. Ramp & Voltage Support does not make money, even when paired with the least
expensive battery type.
Particularly, flow cell and realistic lithium ion technologies suffer from high annual losses after
batteries have depreciated in value. Additionally, a replacement expense creates a sharp decline
in cash flow upon occurrence.
Li-RE - Ramp & Voltage Support Cash Flow
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Figure 16. Some technologies lose more money over time than their initial CAPEX
investment.
7.4 MOBILE TRANSMISSION & DISTRIBUTION DEFERRAL
7.4.1 Mobile T&D Categories
Mobile T&D financial benefit differs depending on what customer bases and cases are being
analyzed. For example, the two main cases being examined in this study are facility upgrades of
33% and 50%. These categories can be further broken down into different customer bases, which
result different values for mobile T&D. Two main customer groups are those that fall within the
50th percentile and 9 0 th percentile of all systems currently on the grid. Systems that frequently
operate near peak load would be in a much higher percentile than those that operate at peak load
only a small percentage of the time. Therefore, the 9 0 th percentile customer base is comprised of
the 10% of systems most in need of an upgrade.
7.4.2 Power Factor
Benefit estimates were provided in $/kVA-year. Kilovolt-amperes are converted to kW-year by
multiplying them by a power factor, or a numerical multiplicative factor of how little energy is
lost to surroundings due to impedance. For this study, a power factor of 1 will be assumed.
7.4.2 Facility Upgrade of 33%
Value estimates for an upgrade of 33% range from $684/kVA-year for the 50th percentile to
$1079/kVA-year for the 90th percentile. This correlates to benefit values of $684/kW-year and
$1079/kW-year respectively. The higher row in each pair is for the 5 0 th percentile and the lower
is for the 9 0th percentile estimates.
Table 16. NPV of investment and years until initial capital expense is recovered for mobile
T&D deferral (33% upgrade). The upper row designated the "50th percentile" estimate
and the lower row designates the "90th percentile" estimate.
NAS Flow LLLA Li-Op Li-Re LMB-A LMB-B LMB-C
-$2,835,847 -$1,581,796 $4,653,221 -$2,389,491 -$14,490,834 $7,732,406 $4,895,438 $8,211,728
NPV $5,759,453 $4,023,157 $9,783,909 $3,819,072 -$8,282,270 $14,285,890 $11,448,922 $14,765,212
Years to 13 11 4 11 - 3 5 2
break even 8 7 3 7 - 2 3 2
Since mobile T&D is a lucrative market, with a strong, yearly benefit available, it is no surprise
that almost all of the technologies have a financial breakeven point over a 15-year lifetime. For
the 50th percentile, some technologies have paybacks within 13 years (such as NAS) while still
yielding a negative NPV.
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Figure 17. Mobile T&D is profitable even when paired with an expensive technology. The
diamonds represent the NPV of investment for both scenarios. A yellow diamond shows a
negative NPV, but a positive cummulative cash flow. Dashed lines represent discounted
cumulative cash flow.
Other technologies, such as LLLA and LMB technologies, have breakeven points within 5 years
and positive NPV, which would permit a sound financial investment by most standards.
LLLA - Mobile T&D (33% Upgrade) Cash Flow
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Figure 18. Some inexpensive technologies achieve a payback in less than 5 years with
Mobile T&D deferral applications. Solid lines represent cumulative, non-discounted cash
flow. Dashed lines represent discounted cumulative cash flow. Diamonds represent NPV of
investment.
There are still two technologies that fail to reach a breakeven point for this application within the
50 th percentile benefit values. Those are flow cells and lithium-ion batteries (realistic case).
In the case of the 9 0 th percentile customers, all technological investments with the exception of
Li-RE have a positive NPV and a breakeven point less than 8 years. Obviously, while this is a
higher value market, it is still fairly small and relatively untapped.
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Figure 19. Flow batteries can recover initial CAPEX, but due to replacement costs, find
themselves in the red frequently. Diamonds represent NPV of investment.
7.4.3 Facility Upgrade of 50%
Value estimates for an upgrade of 50% range from $1115/kVA per year for the 50th percentile to
$1821/kVA per year for the 90'h percentile. This correlates to benefit values of $1115/kW-year
and $1821/kW-year respectively. For this size upgrade, the benefit is of greater value ($/kW)
than any other application in this study. The higher row in each pair is for the 50th percentile and
the lower is for the 9 0 th percentile estimates.
Table 17. NPV of investment and years until initial capital expense is recovered for mobile
T&D deferral (50% upgrade). The upper row designated the "50th percentile" estimate
and the lower row designates the "90th percentile" estimate.
NAS Flow LLLA Li-Op Li-Re LMB-A LMB-B LMB-C
NPV $7,027,833 $1,348,630 $9,358,811 $7,345,978 -$25,458,171 $23,320,220 $19,633,560 $24,057,552$20,965,686 $23,718,780 $22,334,906 $23,048,144 -$1,869,687 $39,894,727 $36,208,068 $40,632,059
Years to 7 9 6 7 - 2 3 2
break even 5 3 4 5 - 1 2 1
Almost every technology has a positive NPV and payback under 7 years for the 50* percentile,
and all technologies except for Li-RE have a payback under 5 years and positive NPV for the
90 th percentile customers. Some of the cheaper technologies even have payback times as short as
one year. This is due to low O&M costs coupled with high benefit per kW.
LMB-A - Mobile T&D (50% Upgrade) Cash Flow
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Figure 20. Due to inexpensive manufacturing cost and a high payback per kW-year, LMB-
A is able to recover all CAPEX in less than 2 years for Mobile T&D Deferral applications.
7.5 TOU & DEMAND
Time-of-use and demand charge management cash flows were analyzed differently than other
applications in this study. Using an example provided by Giovanni Damato of StrateGen [34],
this analysis uses the example of a 4-hour battery. Expenses incurred from charging the battery
during off-peak hours and monetary savings are included.
7.5.1 Assumptions
Demand Charge and TOU tariff rates are based on the SCE TOU8 Option B [34]. Since the
initial example was conducted on a 100kW system, the example in this study will be scaled up
by 10, which will provide a larger result that would potentially be used by a bigger commercial
or industrial consumer.
7.5.2 Results
For this application, only LLLA and LMB batteries have breakeven points within the 15-year
period of the study. Among those, only two types of LMB and LLLA have positive NPVs. Due
to the marginal payback per kW of storage, it is harder for more expensive technologies to
compete.
Table 18. NPV of investment and years until initial capital expense is recovered for TOU &
demand charge management.
NAS Flow LLLA Li-Op Li-Re LMB-A LMB-B LMB-C
NPV -$1,490,859 -$1,500,394 $491,966 -$2,824,950 -$7,105,241 $614,292 -$194,186 $775,987
Years to - - 6 - - 6 10 5
break even
For LMB-B however, although the NPV is negative, it is only a fraction of the capital
investment. In the Chapter 8, incentives and discharge rates are able to provide LMB-B with a
positive NPV for TOU.
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Figure 21. Only a few technologies can be profitable with TOU & Demand Charge
Management applications. A yellow diamond shows a negative NPV, but a positive
cummulative cash flow.
7.6 CASH FLOW ANALYSIS SUMMARY
Table 19. Summary of technology and application pairing cash flows.
NAS Flow LLLA Li-Op Li-Re LMB-A LMB-B LMB-C
Renewables Off- -$81,299,573 -$65,286,508 -$20,910,937 -$92,635,529 -$164,514,193 -$12,847,858 -$31,342,318 -$9,222,360
Peak Storage - - - - - - -
-$28,991,580 -$23,595,442 -$7,489,665 -$31,858,497 -$60,861,639 -$6,531,862 -$12,744,167 -$5,289,401
Ramp & Voltage
Support
-$26,628,438 -$21,168,232 -$5,424,557 -$29,201,222 -$57,903,388 -$3,916,751 -$10,086,668 -$2,682,768
-$2,835,847 -$1,581,796 $4,653,221 -$2,389.491 -$14.490,834 $7,732,406 $4,895,438 $8,211,728
13 11 4 11 - 3 5 2
Mobile T&D (33%
Upgrade)
$5,759,453 $4,023,157 $9,783,909 $3,819,072 -$8,282,270 $14,285,890 $11,448.922 $14,765,212
8 7 3 7 - 2 3 2
$7,027,833 $1,348,630 $9,358,811 $7,345,978 -$25,458,171 $23,320,220 $19,633,560 $24,057,552
7 9 6 7 2 3 2
Mobile T&D (50%
Upgrade)
$20,965,686 $23,718,780 $22,334,906 $23,048,144 -$1,869,687 $39,894,727 $36,208,068 $40,632,059
5 3 4 5 - 1 2 1
TOU & Dem -$1,490,859 
-$1,500,394 $491,966 -$2,824,950 
-$7,105,241 $614,292 
-$194,186 $775,987
age - 6 - 6 10 5Management
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CHAPTER 8 - FINANCIAL ADJUSTMENTS
8.1 C-RATE ADJUSTMENTS
8.1.1 Adjustment Schedule
The ability to charge and discharge above rated power comes in great use when dealing with the
financial benefit analysis of a battery. Systems with longer discharge times can be discharged
more powerfully over a shorter time, providing extra benefit that can be acquired. Only flow
batteries suffer in this area, since their power is directly related to their electrode size.
C-rate is given in rated power over the discharge time of the battery. For example, the C-rate of a
1 MW battery with an 8-hour discharge time is C/8. In most cases, an increase in c-rate will
significantly affect the cycle life of a battery. For this study, it will be assumed that in the C/x
(where x>2) regime, cycle life is not greatly affected. This provides a more flexible benefit
analysis, in which some batteries will be able to provide more power for a given duration of an
application.
The schedule of c-rate adjustments for each battery type for each application is given below. The
adjustment factor is calculated by multiplying the battery operating hours by the DOD and then
dividing it by the duration for each application.
Table 20. Power output adjustment schedule based on discharge time scenario.
Additionally, due to the increased power output for some technologies, a scale-up in PCS cost
was also incurred by all technologies in this analysis.
8.1.2 Results
Adjusting the discharge rate drastically affects the NPV and breakeven point of many of the
technologies. With the adjustments, some of the LMB types are able to achieve payback in less
than 15 years for Ramp & Voltage Support applications. Additionally, all battery types break
even in the 9 0 th percentile cases for Mobile T&D, with some battery types achieving a benefit
payback within the first year of use. Lastly, NAS batteries are now competitive for TOU &
Demand Charge management applications, opening the door further to more customers.
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Figure 22. With adjustments in discharge rate, even expensive technologies can be
profitable with some applications.
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Table 21. Summary of c-rate adjusted technology and application pairing cash flows.
NAS Flow LLLA Li-Op Li-Re LMB-A LMB-B LMB-C
Renewables Off- -$81,299,573 -$65,286,508 -$21,288,847 -$92,635,529 -$164,514,193 -$16,288,215 -$34,782,675 -$12,662,717
Peak Storage - - - - - - -
-$24,639,540 -$23,595,442 -$7,127,327 -$36,472,450 -$64,291,001 -$5,944,312 -$12,156,617 -$4,701,851
Ramp & Voltag
Support
-$18,042,733 -$21,168,232 -$4,266,147 -$31,562,223 -$59,049,879 $576,527 -$5,593,390 $1,810,511
- - - 11 11 11
$16,135,705 -$1,581,796 $8,027,077 $4,766,571 -$13,427,967 $23,780,531 $20,835,877 $24,259,853
5 10 3 7 - 2 3 2
Mobile T&D (33%
Upgrade)
$41,818,462 $4,023,157 $15,210,041 $16,687,013 -$1,507,524 $40,382,691 $37,438,037 $40,862,013
4 5 2 5 12 1 2 1
$55,080,777 -$7,383,527 $18,090,310 $28,296,382 -$23,608,781 $65,365,545 $61,678,886 $66,102,877
3 4 5 - 1 2 1
Mobile T&D (50%
Upgrade)
$96,727,080 $14,986,623 $36,256,843 $58,444,539 $21,681,108 $107,354,298 $103,667,638 $108,091,630
2 4 3 3 5 1 1 1
TOU & Demand -$407,924 -$750,197 $505,368 -$1,412,475 -$4,765,420 $822,794 $418,555 $903,641Charge 
-
-
- 4 7 3Management 1247
8.2 GOVERNMENT INCENTIVES
The U.S. government, amidst change in political views on energy, has recently placed a large
amount of money that can be collected by renewable energy providers or energy storage
purchasers. While some of these cases are rare and extreme, they do have an affect on the cash
flow of each system and will be analyzed accordingly. Each incentive will include three
technology examples to show how government funding efforts affect the long-term feasibility of
an energy storage installation.
8.2.1 Smart Grid Demonstration and Energy Storage Projects
In November 2009, Secretary Chu of the U.S.A Department of Energy announced that $620
million dollars would go towards Smart Grid technologies and energy storage demonstrations.
All of the 16 eligible projects received funding for approximately 50% of their initial investment
[36]. This is part of the American Recovery and Reinvestment Act of 2009.
The three technologies that will be used as examples of how the SGD bill affects an installations
cash flow are Flow Batteries, NAS, and LMB-A.
Table 22. Smart Grid Demonstration grants effect on NPV and years to break even.
NAS Flow LMB-A
Renewables Off- -$40,511,500 -$47,409,462 -$3,991,586
Peak Storage - 15
-$15,304,677 -$17.509,548 -$3,543,363
Ramp & Voltage
Support
-$13,032,414 -$15.209.216 -$948,096
$2.602.563 $798,200 $8,917.319
8 9 2
Mobile T&D (33%
Upgrade)
$11,197,863 $6,403.154 $15,470,803
5 3 1
$15,060,184 $4,924.04Q $25,097,590
4 4 1
Mobile T&D (50%
Upgrade)
$28,998.036 $27,294,189 $41,672,098
3 2 1
TOU & Dem 
-$76,067 
-$323,164 $47Q,877
Management 10 - 3
The 50% discount on investment makes a significant difference in some cases. For example, the
off-peak storage application now has technologies that can obtain a payback before the end of
the lifetime of the battery.
Since LMB-A breaks even by the end of the 15-year period, then it can be assumed that LMB-C
will as well, since it is a cheaper technology with almost identical functional features.
Additionally, flow cells become more competitive for mobile T&D applications. Since flow cells
have a lower cost of investment and similar payback periods, an investor might choose a flow
battery over NAS in some cases. Without this incentive, investment in flow batteries would be
unlikely.
Unfortunately, the 16 winning storage projects around the U.S.A have already used up the
funding. However, since this is a "what if' scenario, it is unlikely that this will be the only time
that the government will provide 50% funding for energy storage projects.
8.2.2 Advanced Energy Manufacturing Tax Credit (MTC)
Another part of the American Recovery and Reinvestment Act is the Advanced Energy
Manufacturing Tax Credit. It calls for a 30% tax credit to be given to projects that support
renewable energy or energy efficiency efforts. This includes any solar and wind power projects,
fuel cells and micro turbines, advanced lighting and smart grid technologies, carbon capture
efforts, and of course, energy storage installations. The bill calls for $2.3 billion dollars to be
allocated to these projects in 2010 [2]. Although most projects have already applied for the tax
credit, any leftover funding from this aspect of the ARRA can still be used by new battery
installations.
For this incentive, examples of Li-OP, NAS and LMB-C will be analyzed. They will be given a
30% discount off of the initial capital investment, much as if they would have received the MTC.
Table 23. Advanced Energy MTC's effect on NPV and years to break even.
NAS Li-Op LMB-C
Renewables Off- -$56,826,729 -$65,907,399 -$4,967,169
Peak Storage
-$20,779,438 -$22,861,862 -$3.859,214
Ramp & Voltage
Support
-$18,470,824 -$20,264,323 -$1.262,077
$427,199 $1,174,259 $8.782,757
10 8 2
Mobile T&D (33%
Upgrade)
$9,022,499 $7,382,823 $15,336,241
6 6 1
$11,847,243 $12,691,604 $24,908,590
5 5 1
Mobile T&D (50%
Upgrade)
$25.785.096 $28.393,770 $41,483,098
4 4 1
TOU & Demand -$343,812 -$841,365 $467,416
Charge 3Management 1
A 30% discount does not have the same effect on investment as a 50% discount. However, it
makes a big difference in some cases. Lower capital cost also leads to less of a tax benefit from
depreciation, which in some cases is quite influential. Therefore, discounts on capital expense do
not provide as much of an incentive to invest as some sort of concrete revenue from the
government or avoided cost. Those provide much clearer benefits.
8.2.3 STORAGE 2010
Similar to the MTC, the Storage Technology of Renewable and Green Energy Act of 2010
(STORAGE 2010) offers investors a 30% tax credit for energy storage technologies [37]. This
legislation has yet to be brought to the U.S. Senate as of August 2010, but will impact energy
storage investments if it is passed. For the purpose of this study, this act would have the identical
affect as the MTC.
8.3 COUPLED BENEFITS
Coupling benefits is a technique that is being readily used among investors in battery technology.
Since the batteries oftentimes have longer discharge times than are required, there is energy
stored that is leftover after each cycle. This energy could be used for multiple applications. Only
certain technologies will be able to discharge the amount of energy required due to capacity
constraints.
8.3.1 Off-Peak Storage with Ramp & Voltage Support
For the purpose of this study, it will be assumed that a battery will discharge 5 hours for OPS and
2 hours for R&V. This means that only batteries with a discharge time of 7 hours total will be
eligible for coupled benefits. As seen in section 3.3, OPS and R&V have a compatibility rating
of "good", making it likely that they can be performed in conjunction with one another.
An example of how these applications would be used concurrently is a wind farm, which
requires storage of renewable energy during times of low demand while also needing protection
against huge spikes or falls in energy output.
This coupled benefits example will use the baseline use profile for Off-Peak Storage, since at
least 30 MW is required for this case.
The technologies that will be analyzed for this stacking example are LLLA and LMB-C.
Table 24. Coupled benefit's effect on NPV and years to break even (off-peak storage with
ramp & voltage support).
While LLLA is unaffected by this particular case of coupled benefits, LMB does manage to
achieve a payback period of 11 years for these two technologies.
LLLA - Off-Peak Storage & Ramp & Voltage Support Cash Flow
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
. .. . .. . .. . .. .. .. .. .. .. . .. .. .. .. .. .. .. . .. ...Y e  .. .. .
LLLA LMB-C
NPV -$14,879,803 -$1,518,727
Years to
break even
LMB-C - Off-Peak Storage & Ramp & Voltage Support Cash Flow
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Figure 23. While LLLA (previous page) does not recover all CAPEX costs even with
coupled benefits, the addition of R&V to OPS is profitable for LMB (above) battery types.
The yellow diamond represents NPV of investment. LLLA has a negative NPV so no
diamond is pictured.
8.3.2 Ramp & Voltage Support with TOU & Demand
R&V has an application requirement time of 2 hours and TOU & Demand Charge Management
has a time of 4 hours. Therefore, 6 hours of discharge power are necessary. Together, these two
applications achieve a rating of "good" for compatibility.
Ramp & Voltage Support could be used with TOU at a commercial facility. A company that
would like to lower their energy costs while preventing a possible might invest in an installation
that would cover both applications.
Since these applications together only require 6 hours of discharge, but are still potentially
lucrative, NAS and LMB-B batteries will be used as examples.
A 10-MW system will be used and charging O&M has been omitted since it is included in the
TOU benefit.
Table 25. Coupled benefit's effect on NPV and years to break even (TOU & demand charge
management with ramp & voltage support).
Although not much changes as far as NPV goes, LMB-B is able to break even after 11 years with
this coupled benefits example. This is only for the bottom case (High estimation market), which
is for high-need customers. A semiconductor manufacturer, for example, would be likely to be a
customer in the high-need market.
NAS - Ramp & Voltage Support & TOU/Demand Management Cash Flow
12
1 2 3 4 5 6 7 8 9 10 11 13 14 15
-8 - -. . . . . . . . . . . . . . . . . . . . . . . . . . . . .-. ---------
.0
-$13 MM
-18 -. . . . . . . . .. . . . . . . . .-. ..-. ..-. ..-. .-. ..-...-
0
LL
-28
-48
Year
llN Yearly Cash Flow (Low) Yearly Cash Flow (High) --- Cumulative Cash Flow (Low) - Cumulative Cash Flow (High)
Figure 24. NAS does not become profitable even when TOU/Demand and R&V
applications are stacked. It does break even in both scenarios within 15 years. The yellow
diamonds represent NPV (top: High; bottom: Low)
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LMB-B - Ramp & Voltage Support & TOU/Demand Management Cash Flow
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-1 5 -- - - -- -- - - - - - ---------...--.--- ------.. .-- ---..--. . .--.-.- --------- ------..
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MOM Yearly Cash Flow (Low) Yearly Cash Flow (High) Cumulative Cash Flow (Low) - Cumulative Cash Flow (High)
Figure 25. R&V becomes a reasonable application for LMB battery types when
TOU/Demand is added as an additional benefit to energy storage.
8.3.3 Mobile T&D with Ramp & Voltage Support
Mobile T&D and R&V both have an application requirement time of 2 hours. Therefore, 4 hours
of discharge power is necessary. Since the total time requirement is so short, all technologies are
able to take advantage of this coupled benefits effort. Additionally, these two applications
achieve a rating of "excellent" for compatibility, making this an ideal matching of applications
for one battery installation.
An example of an installation would be a residential community that is far away from a power
source, but growing in energy usage. While the T&D deferral would be useful to help avoid
upgrade costs, the ramp & voltage support would increase quality of life by minimizing outages.
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Batteries will be given a 4 MW rating, representing a 33% Mobile T&D upgrade. Additionally,
this market will be assumed to be a low value market for R&V support. Therefore both 50th
percentile and 9 0 th percentile of need applications will be applied to this example in addition to
the avoidance benefits associated with a 1-hour power outage.
The technologies that will be used in this example are the four remaining technologies; Li-Op,
Li-Re, Flow cells, and LMB-A.
Table 26. Coupled benefit's effect on NPV and years to break even (mobile T&D deferral
with ramp & voltage support).
Flow Li-Op Li-Re LMB-A
$382,209 -$1,416,401 -$13,517,744 $8,759,557
$5,987,162 $4,792,163 -$7,309,180 $15,313,041
Years to 9 10 2
break even 4 7 1
The coupling of R&V with Mobile T&D makes a large difference for certain technologies. For
example, flow batteries are now in the positive NPV regime for both the 5 0th and 9 0 th percentiles
of those who require Mobile T&D deferral. This expands the market share they can capture
greatly.
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Flow Battery - Mobile T&D (33% Upgrade) with Ramp & Voltage Support Cash Flow
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15
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Yearly Cash Flow (50 %ile) Yearly Cash Flow (90 %ile) -- Cumulative Cash Flow (50 %ile) - Cumulative Cash Flow (90 %ile)
Figure 26. Even flow batteries can be used in R&V applications when Mobile T&D
Deferral is included in a stacked analysis. Green diamonds represent NPV of investment
(top: 90 th %/ile; bottom: 5 0th %ie
This coupling does not make such a different impact on other technologies. For example, LMB,
due to low cost and maintenance still performs strongly with a payback period of only two years.
However, since the cost values from LMB3 are still based on theoretical estimates, it is unknown
whether LMBs will gain a substantial share once the product is brought to market.
Additionally, realistic Li-ion estimates still show that while benefit provides a breakeven point at
around 9 years. the purchase of an additional battery sends Li-RE back into the financial red.
Trends show however, that most costs will be recovered shortly after the 15-year period. Since
the replacement battery cost is less than the benefit gained over a 10-year lifetime, a 20-year or
30-year analysis of this battery technology for these coupled benefits might prove to be
profitable.
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Li-RE - Mobile T&D (33% Upgrade) with Ramp & Voltage Support Cash Flow
Year
Yearly Cash Flow (50 %ile) Yearly Cash Flow (90 %ile) Cumulative Cash Flow (50 %ile) - Cumulative Cash Flow (90 %ile)
Figure 27. Some technologies do not recover all CAPEX costs within the time frame of this
analysis. Trends show that with a study longer than 15 years, expenses might be recovered.
104
C,,
C
-10
- -10
0
U~-15
CD,
-20
-25
-30
1 2 3 4 5 6 7 11 12 13 14 15
- --- -- - --- -- - -- - ----------------------- ---- - - - - - -.. . . .. . .- ..-- - ..- - -
.. . . . . . .. . . . . .-  . . . .- --. .. . .. . .-. .. .- - -.-- -. .-- - -.-- - - - - - - --. .-.-.-- - - -. .-
< . . . .. . .- ---. . . . . .. . . . . . . . . .. . . . . . . . . .. . . . . . . . .
-
CHAPTER 9 - CONCLUSIONS
9.1 TECHNOLOGY VERSUS COST
When choosing a technology to fit a certain application, the technical aspects are important in the
implementation planning of the battery. Whether there is a need for extra power over rated power
due to efficiency losses, or an extra cost associated with the portability of an installation, easier
technologies tend to be preferred over more high maintenance ones. For the technological
analysis, NAS, Li-ion, and LMB tend to stay towards the top of technologically favorable battery
types. However, when cost is involved, preferences change.
In an industry that has been around for so long and produced energy the same way for decades,
change is few and far between. Therefore, when change does need to occur, it needs to be as
inexpensive as possible and provide as much financial benefit and growth to the purchaser as
possible. Especially in the energy storage industry, change is hard to come by due to the
expensive cost of energy per kW. In order to compete with current baseload energy generation,
costs for energy storage should be below 10 cents per kilowatt-hour, including charging costs.
When in comes to pairing a certain technology with an application, there are cases where battery
performance coincides with the use profiles for an application. This shows that there is no one
battery for every application. Each technology has strengths and weaknesses and these should be
investigated and weighed before the purchase of an installation for an application.
At the end of the day, although NAS or Li-ion technology might be marginally better for some
applications, an investment in these technologies is unlikely until their cost comes down. For
LMB, investment is much more likely since minor tradeoffs in technological aspects yield major
changes in cost. Although the LMB values are highly theoretical, it is likely that once a large-
scale production of LMBs is achieved, that this technology will dominate the market.
9.2 TECHNOLOGY VERSUS NPV
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Since some technologies are much cheaper than others and they all receive benefits based on
$/kW produced, certain technologies fare better than others when it comes to payback time.
Benefit gained per year is affected by much more than just rated power. Efficiency and DOD
also play a crucial role. While battery installations are priced on rated power, their actual power
output is the only realistic measurement that can be used for benefit analysis. Therefore
technologies such as LLLA, which have a low cost but suffers from poor DOD capabilities,
might not be as well suited as a technology with slightly higher capital cost and much deeper
DOD. Some batteries suffer from low efficiency, but have the ability to discharge completely,
like flow cells. Either way, no battery technology is perfect. As long as efficiency and DOD are
fairly high, the expected value for benefits received will be similar to those received for a system
purchased for that given rated power.
Application selection also plays an important role in the NPV of an investment. Across the
board, certain applications yield a paltry benefit, while others are always lucrative. For example,
with all battery types, a renewables off-peak storage installation discharging at a normal rate will
never be a sound financial investment. It is the same case with ramp & voltage support, in which
benefit is only received every ten years, and is based mostly on risk aversion of investors.
Mobile T&D is almost always a winner, but that is due to the fact that the growing need for it has
resulted in a high valuation. Additionally, this benefit analysis is based on expected avoided cost.
Unless a customer is extremely risk averse, the valuation provided in this analysis might not be
as large as it is in actuality. Henceforth, although this study shows that all technologies should
invest in mobile T&D deferral, many views in the actual energy industry might remain
unchanged.
Time-of use and demand charge management tend to only be lucrative markets to enter if they
can take advantage of an inexpensive technology. Since it is also based on the difference in on
and off peak pricing, certain markets might prove more profitable than others. For example,
Hawaii and California have very high charges on energy usage because energy consumption is
frequent but energy generation is expensive. Therefore, the location of some installations can
make a very large difference in the actual valuation of energy storage.
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9.3 NPV & ADJUSTMENTS
Modifications to net present value play an important role in the adoption of battery installations.
Changing the discharge rate can greatly affect the benefits received by an installation, but only
certain technologies are versatile enough for this. Additionally, government intervention, which
has always played an important role in energy economics, can strongly influence the need for
energy storage or at least the financial desire for it.
Lastly, coupling benefits has been shown to increase the financial viability of battery
installations in certain areas. However, coupled benefits can only be used in certain scenarios,
and therefore require specific buyers, shrinking the market size for coupled benefits. This market
is important to specific areas that have the need for particular pairs of stacked applications, but
the inability to adopt location-dependent technologies such as pumped hydro and CAES.
9.4 OVERALL OUTLOOK
At the end of the day, the economy revolves around the financial viability of investments, and
not the inherent need or desire to make a positive change for the environment. Without
modifications, stabilizing the U.S.A.'s electric grid and decreasing the dependence on fossil fuels
is not an important factor to most purchasers of energy.
It is the job of manufacturers to find ways to achieve economies of scale to drive down the prices
of their technologies. Additionally, it is the job of the government to enact and implement
legislation that supports a better quality of living and find ways to close to monetary gap that
exists between energy storage and fossil fuels. Lastly, it is the responsibility, of a purchaser of
electricity storage to be able to find ways to come about financial gain, whether it be through
coupled benefits, discharging at a faster rate, or taking advantage of available government
incentives.
Financially, energy storage is not a winner on its own. Most consumers are too risk-averse to
invest in a technology that is expensive and does not provide an actual (not hypothetical)
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monetary benefit. However, when storage is placed in areas of great need, or with the right
combinations of applications, location, and technologies, an installation becomes a much smarter
investment.
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APPENDIX I - TECHNOLOGY BREAKDOWN
OFF-PEAK STORAGE
Rated .Rated Total Total
Depth of Power Operating Energy Energy Energy
Discharge ycle Life Capacity The Efficiency (Given per cycle Lifetin (in
(MW) (ours) in MWh) (MWh) kWh)
NaS
Flow Battery
(ZnBr)
Long-Life Lead
Acid
Lithium Ion
(Optimistic)
Lithium Ion
(Realistic)
LMB-A
LMB-B 5
83% [10]
100% [11]
70% [38]
80% [40]
80% [40]
95% [21]
95%
4500 [10] 30 [10]
2000 [5]
5100 [39]
500 04
3000 [41]
4500 [21]
4500
30 [5]
28 [39]
30 [15]
30 [15]
30 [21]
30
7.2 [8]
5.6 [12]
8 [39]
4.8 [15]
4.8 [15]
8 [21]
8
77% [8]
65% [11]
85% [39]
90% [15]
90% [15]
80% [21]
80%
138.05 621205200
109.2
61 [39] 36.295
103.68
103.68
182.4
182.4
218400000
185104500
518400000
311040000
820800000
820800000
4 Estimation based on industry optimism, 66% cycle life increase within the next 10 years
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RAMP & VOLTAGE SUPPORT
Recommended Rated Operating Total Total Energy
Depth of ycle Power Time Efficiency Energy per over Lifetime
Discharge Life Capacity (hours) cycle (MWh) (in kWh)
NaS
Flow Battery
(ZnBr)
Long-Life Lead
Acid
Lithium Ion
(Optimistic)
Lithium Ion
(Realistic)
LMB-C 5
LMB-B 5
LMB-A
, I
83% [10]
1000/0 [11]
70% [38]
80% [40]
80% [40]
95%
95%
95% [21]
4500
[10]
2000 [5]
5100
[39]
50004
3000
[41]
4500
4500
4500
[21]
30 [10]
10 [5]
10
10 [15]
10 [15]
10
10
10 [21]
7.2 [8]
5.6 [12]
8 [39]
4.8 [15]
4.8 [15]
8
8
8 [21]
77% [8]
65% [11]
85% [39]
90% [15]
90% [15]
80%
80%
80% [21]
46.0152
36.4
47.6
34.56
34.56
60.8
60.8
60.8
207068400
72800000
242760000
172800000
103680000
273600000
273600000
273600000
s All values are from GroupSadoway internal documents
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LM B-Cs5 4500 80% 095% 182.4 820800000
MOBILE T&D DEFERRAL - 33% UPGRADE
Recommended Rated Operating Total Energy Total Energy
Depth of ycle Power Time Efficiency per cycle over Lifetime
Discharge Life C(acity hours) (kWh) (in kWh)
NaS
Flow Battery
(ZnBr)
Long-Life Lead
Acid
Lithium Ion
(Optimistic)
Lithium Ion
(Realistic)
LMB-Bs
LMB-Cs
LMB-A
83% [10]
1000/0 [11]
70% [38]
80% [40]
80% [40]
95%
95%
95% [21]
4500
[10]
2000 [5]
5100
[39]
5 0004
3000
[41]
4500
4500
4500
[21]
4 [10]
4 [5]
4 [39]
4 [15]
4 [15]
4
4
4 [21]
7.2 [8]
5.6 [12]
8 [39]
4.8 [15]
4.8 [15]
8
8
8 [21]
77% [8]
65% [11]
85% [39]
90% [15]
90% [15]
80%
80%
80% [21]
18406
14560
19040
13824
13824
24320
24320
24320
82827360
29120000
97104000
69120000
41472000
109440000
109440000
109440000
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MOBILE T&D DEFERRAL - 50% UPGRADE
114
TOU & DEMAND
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APPENDIX II - COST BREAKDOWN
OFF-PEAK STORAGE
Balanc O&M NPV Total Cost Total
Capital Battery PCS e of Costs O&M Disposal Labor (CAPEX + Cost Lifetime Cost
Cost Cost Cost Plant (Var) (Fix) Cost ($M) BOP + (Capital i$/kWh)
M) ($/kWh) ($M) Cos ($M) ($M) ($M) O&M) ($M)($M) ($/kWh)
105 7
[10]
60 [12]
760.6188
549.4508 5.19[5]
21 [39] 578.5928
86.49 833.333[42]
129.69 1250 [17]
129 65.789[21]
4.28
4 [5]
197.368
39.473
911
[10]
3 [11]
1.4 [5]
30.328
10 [15]
30. 328
10 [15]
910 [21]
910 [21]
910 [21]
3 [10] 2.97
1.88 2.56 0.054
[5] [5] [5]
3.1892 3.474
[5] [5]
25. 511
[15]
1511
[15]
4.511
[21]
4.511
[21]
4.511
[21]
0.364
[5]
2.97
2.772
1.497612 2.97
2.246412 2.97
0.20812 2.97
0.62412 2.97
0.124812 2.97
119.97
75.65
36.48
760.62
576.92
617.16
146.70 1125.86
180.15 1542.52
28.68
53.094
23.79
115.13
246.71
88.82
6 Labor cost calculated proportionally from $/MW values in [Larsson]
7 Value includes BOP and PCS
8 Value calculated by dividing Capital Cost by Total Energy per Cycle
9 Value calculated by multiplying Battery Cost by Rated Power
10 Value includes PCS
" Estimate includes O&M (Var)
12 Estimations based on NPV Disposal/Capital Cost ratio
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NaS
Flow
Battery
(ZnBr)
LLLA
Li-OP
Li-RE
LMB-A
LMB-B 5
LMB-C 5
369
7.29
0.193
0.346
0.197
0.283
0.579
0.035
0.065
0.029
I
RAMP & VOLTAGE SUPPORT
Balanc Total Total
Capital Battery e of O&M O&M O&M NPV Cost Cost Lifetime
Cost Cost Cost Plant Costs Fix) (Char Dispos Labor (CAPEX + Capital Cost
($M) ($/kWh) ($M Cost s (x$M) ging) al Cost ($M) BOP + + BOP) ($/kWh)
($M) ($M) ($M) ($M) O& ($/kWh)
760.6188
1.7
549.451 3
[5]
1.5
6 4 126.0508 3
[5]
28.89 833.333[42]
489 1388.889[17]
129 197.368
NaS
Flow
Batter
V
(ZnBr
)
LLLA
Li-OP
Li-RE
LMB-
B5
LMB-
CL
LMB-A
39.473
49 65.789[21]
311
[10]
0.63 0.85
0.5 1.14 1.24
[51 [5] [5]
10.10' .0
0 [15] [15]
10.101
0 [15]
310
[21]
310
[21]
310
[21]
5.0011
[15]
1.501
[21]
1.50"
[21]
1. 5011
[21]
0.358" 1 [10] 0.99 40.349 760.61
0.336 13 0.02[5]
0.336 5 0.13[5]
0.23013 0.62 12
0.23013 1.04 12
0.456" 0.2612
0.456"1 0.05 12
0.456'1 0.0912
0.99 25.554 624.45
0.99 11.866 168.69
0.99 45.754 1125.85
0.99 65.370 1681.41
0.99 18.206 246.71
0.99 8.398 88.81
0.99 10.033 115.13
13 Estimations calculated at $20/kWh for purchase of electricity
14 Scaled from Off-Peak Storage LLLA data on $/MW basis
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[10]
20
[12]
2.4 9
I_____________ J
0.195
0.351
0.049
0.265
0.630
0.067
0.031
0.037
MOBILE T&D DEFERRAL - 33% UPGRADE
Balan O&M O&M NPV Total Cost Total
Capital Battery PCs ce of Css O&M (hriDsoaLabo (CAPEX + Cost Lifetime
Cost Cost Cost Plant Costs) (Fix) (Cagi DIsposa ($)6 BOP + (Capital Cost
($M) ($/kWh) ($M) Cost (Var) ($M) ngM) ($CstM $M O&M) + BOP) ($/kWh)
($) (M $)($M) ($M) ($/kWh)
14 7
[10] 760.6188
1.2"1
[10]
8 [12] 549.4508 0.865 0.5 0.313 0.427[5] (11] [5] [5]
3 14 157.5638 0.765 0.25[5] [5]
5.055
11.529 833.333 10[42] [15]
5.055
19.2 9 1388.88 10[17] [15]
4.8 9
0.96 9
197.368
39.473
1510
[21]
1.510
[21]
1.510
[21]1.69 65.789[21]
0.569 0.621
[5] [5]
2.5"1
[15]
2.5"1
[15]
0.75"
[21]
0.7 5"
[21]
0.75"1
[21]
0.143'1 0.216[10]
0.134'1 0.009[5]
0.13413 0.065[5]
13 0.249610.092' 2
0.092'1 0.416 12
0.182'1 0.021 12
0.182'1 0.021 12
0.182' 0.034
0.495 16.139 876.853
0.495 9.530 654.505
0.495 4.734
0.495
0.495
0.495
0.495
0.495
248.655
18.252 1320.289
26.065 1885.475
7.262 298.586
3.355 137.954
4.006 164.726
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NaS
Flow
Batter
y
(ZnBr)
LLLA
Li-OP
Li-RE
LMB-
B5
LMB-
C5
LM B-A
0.195
0.327
0.049
0.264
0.628
0.066
0.031
0.037
Balanc O&M Total Total
Capital Battery PCS e of O&M O&M Costs NPV Cost Cost Lifetime
Cost Cost Plant osts Costs (Chargi Dispos Labor (CAPEX + (Capital Cost
($M) ($/kWh) ($M Cost (Var) (Fix) ng) al cost ($m) BOP + + BOP) ($/kWh)
($M) ($M) ($M) ($M) ($M) O&M) ($/kWh)($M)
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[10]
12
[12]
760.6188
549.4508 1.73549.450 [5]
4.5 4 157.563 553[5]
17.289 833.333[42]
34.56 9 1388.889[17]
7.29
1.44 9
2. 49
197.368
39.473
65.789
[21]
4.271
[5]
1 [11]
0.5 [5]
10.101
o (15]
10.101
o [15]
310
[21]
310
[21]
310
[21]
0.63 0.85
[51] [5]
1.14 1.24
[5] [5]
5.001
[15]
5.011
[15]
1. 511
[21]
1.50"
[21]
1. 5011
[21]
0 .2 1513 '50.4 30 .2 0 2 '52[5]
0.20213 0'02[5]
0.202" 0.'130.202's [5]
0.138'1 0.62 12
0.138'1 1.04 12
0.274'1 0.05 12
0.27413 0.05 12
0.27413 0.0912
0.99 23.868 864.509
0.99 15.332 702.033
0.99 8.020 280.798
0.99 27.378 1320.289
0.99 44.957 2168.067
0.99 10.892 298.586
0.99 5.033 137.954
0.99 6.009 164.726
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1V1~JiJ IL
NaS
Flow
Batter
V
(ZnBr)
LLLA
Li-OP
Li-RE
LM B-
B5
LM B-
CL
LMB-A
I_______________
0.192
0.351
0.055
0.264
0.723
0.066
0.031
0.037
MOIL T&D DEFERRAL ,
50% 
UPGRADE
TOU & DEMAND
Balanc O&M NPV Total Cost Total
Capital Battery PCs e of Costs O&M Disposa Labor (CAPEX + Cost Lifetime Cost
Cost Cost Cost Plant (Var) (Fix) I Cost ($M)6 BOP + (Capital ($/kWh)($M) ($/kWh) ($M) Cost ($M) ($M) ($M) O&M) + BOP)
($M) ($M) ($/kWh)
3.5 7
[ 10] 760.6188
2 [12] 549.450 3 0.17 0.1
0311
[10]
0.043
[10]
0.063 0.085 0.002
[5] [5] [5]
0.75 14 126.0508 0.15 0.05 0.114 0.124 0.0130.5 1600 3 [5] [5] [5] [5] [5]
49 833.333[42]
6.6679 1388.889[17]
1.57 9 197.368
0.31 9
0.52 9
39.473
65.789
[21]
1.01010
[15]
1.01010
[15]
0.310
[21]
0.310
[21]
0.310
[21]
0.8 33
[15]
0.511
[15]
0. 150"
[21]
0.150"
[21]
0. 15011
[21]
0.069 12
0.115 12
0.027
0.005 12
0.009 12
0.099
0.099
0.099
0.099
0.099
0.099
0.099
0.099
3.942
2.522
1.303
856.717
692.802
273.739
6.013 1739.765
8.392 2428.293
2.155
0.870
1.084
354.493
143.135
178.362
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NaS
Flow
Battery
(ZnBr)
LLLA
Li-OP
Li-RE
LMB-B-5
LMB-Cs
LMB-A
______________________________ 
.1
0.190
0.346
0.054
0.348
0.809
0.079
0.032
0.040
APPENDIX III - TECHNOLOGY ANALYSIS
BATTERY PERFORMANCE*
10 7 [8] 7 [8] 5 [8] 5 [42] 7 [8] 7 [10] 1 [8] 10 [43] 3 [8]
7 5 [11] 5 [11] 5 [11] 7 [11] 1 [11] 1 [11] 1 [1]1[11] 10 [11]
5 10 [39] 10 [39] 3 [44] 5 5 5 1 [42] 1
10 10 [21] 7 [21] 3 [21] 10 [21] 3 [21] 7 [21] 10 [21] 1 5 [21]
5 101 10 10 3 10 7 5 [17] 1 [43] 5'
3 [17]5 7[41] 5[45] 10[44] 3
*Bracketed numbers are reference sources
**Calculated in Technology Breakdown
***Based on estimations for future progress of Li-ion batteries
'Calculated by using internal resources and personal communication
1 [43]
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APPENDIX IV - CASH FLOW ANALYSIS
OFF-PEAK STORAGE
Year 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
REVENUE
Baseload Renewnables $ 902,972 $ 902,972 $ 902,972 $ 902,972 $ 902,972 $ 902,972 $ 902,972 $ 902,972 $ 902,972 $ 902,972 $ 902,972 $ 902,972 $ 902,972 $ 902,972 $ 902,972
Energy Time Shift
EXPENSES
O&M (Fixed) $ (204,400) $ (383,808) $ (383,808) $ (383,808) $ (383,808) $ (383,808) $ (383,808) S (383,808) $ (383,808) $ (383,808) $ (383,808) $ (383,808) $ (383,808) $ (383,808) $ (383,808)
O&M (Variable) $ (212,613) $ (281,859) $ (281,859) $ (281,859) $ (281,859) $ (281,859) 8 (281,859) S (281,859) $ (281,859) $ (281,859) $ (281,859) $ (281,859) $ (281,859) $ (281,859) $ (281,859)
Insurance $ (77,700) $ (77,700) $ (77,700) $ (77,700) $ (77,700) $ (77,700) 8 (77,700) $ (77,700) $ (77,700) $ (77,700) $ (77,700) $ (77,700) $ (77,700) $ (77,700) $ (77,700)
DEPRECIATION 8 (1,491,000) $ (2,832,900) $ (2,549,610) $ (2,296,140) $ (2,066,526) $ (1,857,786) $ (1,759,380) 5 (1,759,380) $ (1,762,362) $ (1,759,380) $ (1,762,362) $ (1,759,380) $ (1,762,362) $ (1,759,380) $ (879,690)
TAXES
State Tax (liability)/ benefit at 8.84% $ 9,571 $ 23,632 $ 21,128 $ 18,887 $ 16,857 $ 15,012 $ 14,142 $ 14,142 $ 14,168 $ 14,142 $ 14,168 $ 14,142 $ 14,168 $ 14,142 $ 6,366
Federal Tax (liability)/benefit at 35.00% $ 378,959 $ 935,653 $ 836,502 $ 747,787 $ 667,422 $ 594r363 $ 559,921 $ 559,921 $ 560,965 $ 559,921 $ 560,965 $ 559,921 $ 560,965 $ 559,921 $ 252,030
Total State & Federal Taxes $ 388,531 $ 959,285 $ 857,629 $ 766,674 $ 684,280 $ 609,375 $ 574,063 $ 574,063 $ 575,133 $ 574,063 $ 575,133 $ 574,863 $ 575,133 $ 574,063 $ 258,395
............. : , ,, , ,' . '7 : * 712
FREE CASH FLOW TO EQUITY
CAPEX $ (21,000,000)
BOP $ (1,400,000)
PCS $ (4,284,000)
Labor $ (2,772,000)
NPV Disposal $ (364,000)
Net CA PEX $ (29,820,000)
Adjustments to Net Income
PLUS: Depreciation $ 1,491,000 $ 2,832,900 $ 2,549,610 $ 2,296,140 $ 2,066,526 $ 1,857,786 $ 1,759,380 $ 1,759,380 $ 1,762,362 $ 1,759,380 $ 1,762,362 $ 1,759r380 $ 1,762r362 $ 1,759,380 $ 879,690
Total Adjustments to Net Income $ 1,491,000 $ 2,832,900 $ 2,549,610 $ 2,296,140 $ 2,066,526 $ 1,857,786 $ 1,759,380 $ 1,759,380 $ 1,762,362 $ 1,759,380 $ 1,762,362 $ 1,759,380 $ 1,762,362 $ 1,759,380 $ 879,690
NPV(5,909?
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RAMP & VOLTAGE SUPPORT
Year' 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
REVENUE
Avoied Outage (Low) $ 3,040,000 $ 3,040,000
Aoided Outage (High) $ 6,080,000 $ 6,080,000
EXPENSES
O&M (Fixed) $ (100,000) $ (100,000) $ (100,000) $ (100,000) $ (100,000) $ (100,000) 5 (100,000) $ (100,000) $ (100,000) $ (100,000) $ (100,000) $ (100,000) $ (100,000) $ (100,000) $ (100,000)
O&M (Variable) $ - $ - $ - $ - $ - $ - S - $ - $ - $ - $ -$ - $ - $ $
O&M (Charging) $ (456,000) $ (456,000) $ (456,000) $ (456,000) $ (456,000) $ (456,000) $ (456,000) $ (456,000) $ (456,000) $ (456,000) $ (456,000) $ (456,000) $ (456,000) $ (456,000) $ (456,000)
Insurance $ (14,800) $ (14,800) $ (14,800) $ (14,800) $ (14,800) $ (14,800) 5 (14,800) $ (14,800) $ (14,800) $ (14,800) $ (14,800) $ (14,800) $ (14,800) $ (14,800) $ (14,800)
DEPRECIATION $ (403,833) $ (767,283) $ (690,555) $ (621,903) $ (559,713) $ (503,176) $ (476,523) $ (476,523) $ (477,331) $ (476,523) $ (477,331) $ (476,523) $ (477,331) $ (476,523) $ (238,262)
TAXES
State Tax (liability)/ benefit at 8.84% $ (18,258) $ 11,829 $ 11,150 $ 10,543 $ 9,994 $ 9,494 $ 9,258 $ 9,258 $ 9,265 $ 9,258 $ (17,608) $ 9,258 $ 9,265 $ 9,258 $ 7,152
Federal Tax (liability)/benefit at 35.00% $ (722,878) $ 468r329 $ 441,474 $ 417,446 $ 395,680 $ 375,892 $ 366,563 $ 366,563 $ 366,846 $ 366,563 $ (697,154) $ 366,563 $ 366,846 $ 366,563 $ 283,172
Total State & Federal Taxes $ (741,136) $ 480,158 $ 452,625 $ 427,990 $ 405,673 $ 385,386 5 375,821 $ 375,821 $ 376,111 $ 375,821 $ (714,762) $ 375,821 $ 376,111 $ 375,821 $ 290,324
TAXES
State Tax (liability)/ benefit at 8.84% $ (45,131) $ 11,829 $ 11,150 $ 10,543 $ 9,994 $ 9,494 S 9,258 $ 9,258 $ 9,265 $ 9,258 $ (44,482) $ 9,258 $ 9,265 $ 9,258 $ 7,152
Federal Tax (liability)/benefit at 35.00% $ (1,786,878) $ 468,329 $ 441,474 $ 417,446 $ 395,680 $ 375,892 $ 366,563 $ 366,563 $ 366,846 $ 366,563 $ (1,761,154) $ 366,563 $ 366,846 $ 366,563 $ 283,172
Total State & Federal Taxes $ (1,832,010) $ 480,158 $ 452,625 $ 427,990 $ 405,673 $ 385,386 5 375,821 S 375,821 $ 376,111 $ 375,821 $ (1,805,636) $ 375,821 $ 376,111 $ 375,821 $ 290,324
FREE CASH FLOW TO EQUITY
CAPEX $ (4,000,000)
BOP $ (3,000,000)
PCs $
Labor $ (990,000)
NPV Disposal $ (86,667)
Net CAPEX $ (8,076,667)
Adjustments to Net Income
PLS: Depreciation $ 403,833 $ 767,283 $ 690,555 $ 621,903 $ 559,713 $ 503,176 $ 476,523 $ 476,523 $ 477,331 $ 476,523 $ 477,331 $ 476,523 $ 477,331 $ 476,523 $ 238,262
Total Adjustments to Net Income $ 403,833 $ 767,283 $ 690,555 $ 621,903 $ 559,713 $ 503,176 $ 476,523 $ 476,523 $ 477,331 $ 476,523 $ 477,331 $ 476,523 $ 477,331 $ 476,523 $ 238,262
M1 Liu 2016 N
NPV (Low)
NPV (High) .53,9 16.751)
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MOBILE T&D DEFERRAL (33% UPGRADE)
Year 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 1
REVENUE
Avoided T&D Upgrade Costs - 50% $ 1,969,920 $ 1,969,920 5 1,969,920 $ 1,969,920 $ 1,969,920 S 1,969,920 $ 1,969,920 $ 1,969,920 $ 1,969,920 $ 1,969,920 $ 1,969,920 $ 1,969,920 $ 1,969,920 $ 1,969,920 $ 1,969,920
Avoided T&D Upgrade Costs - 90% $ 3,107,520 $ 3,107,520 $ 3,107,520 $ 3,107,520 5 3,107,520 $ 3,107,520 $ 3,107,520 $ 3,107,520 $ 3,107,520 $ 3,107,520 $ 3,107,520 $ 3,107,520 $ 3,107,520 $ 3,107,520 $ 3,107,520
EXPENSES
O&M (Fxed) $ (200,000) $ (200,000) $ (200,000) S (200,000) 5 (200,000) S (200,000) $ (200,000) $ (200,000) $ (200,000) $ (200,000) $ (200,000) $ (200,000) $ (200,000) $ (200,000) $ (200,000)
0&M (Variable) $ - $ $ $ $ -$ $ $ -$ $ -$
O&M (Replacerent) $ -$ - $5 -$ S -$ -$ -$ - $ - $ $ - $ -
O&M (Charging) $ (92,160) $ (92,160) 5 (92,160) 5 (92,160) 5 (92,160) $ (92,160) $ (92,160) $ (92,160) $ (92,160) $ (92,160) $ (92,160) $ (92,160) $ (92,160) $ (92,160) $ (92,160)
Insurance $ (35,520) $ (35,520) $ (35,520) 5 (35,520) $ (35,520) 5 (35,520) $ (35,520) $ (35,520) $ (35,520) $ (35,520) $ (35,520) $ (35,520) $ (35,520) $ (35,520) $ (35,520)
DEPRECIATION $ (2,430,544) $ (4,374,979) $ (3,499,983) 5 (2,799,987) S (2,240,962) $ (1,791,311) $ (1,592,006) $ (1,592,006) $ (1,594,437) $ (1,592,006) $ (2,430,544) $ (4,374,979) $ (3,499,983) $ (2,799,987) $ (2,240,962)
So I , , b . ,
TAXES (50%)
State Tax (liability)/ beneft at 8.84% $ 6,969 $ 24,157 S 16,422 $ 10,234 S 5,293 $ 1,318 $ (444) $ (444) $ (423) $ (444) $ 6,969 $ 24,157 $ 16,422 $ 10,234 $ 5,293
Federal Tax (llability)/benefit at 35.00% $ 275,906 $ 956,459 $ 650,210 $ 405,211 $ 209,553 $ 52,175 $ (17,582) $ (17,582) $ (16,731) $ (17,582) $ 275,906 $ 956,459 $ 650,210 $ 405,211 $ 209,553
Total State & Federal Taxes $ 282,875 $ 980,616 $ 666,633 5 415,446 5 214,845 $ 53,493 $ (18,026) $ (18,026) $ (17,154) $ (18,026) $ 282,875 $ 980,616 $ 666,633 $ 415,446 $ 214,845
TAXES (90%)
State Tax (liability)/ benefit at 8.84% $ (3,088) $ 14,101 $ 6,366 $ 178 $ (4,764) $ (8,739) $ (10,500) $ (10,500) $ (10,479) $ (10,500) $ (3,088) $ 14,101 $ 6,366 $ 178 $ (4,764)
Federal Tax (liability)/benefit at 35.00% $ (122,254) $ 558,299 $ 252,050 5 7,051 $ (188,607) $ (345,985) $ (415,742) $ (415,742) $ (414,891) $ (415,742) $ (122,254) $ 558,299 $ 252,050 $ 7,051 $ (188,607)
Total State & Federal Taxes $ (125,341) $ 572,400 $ 258,416 $ 7,229 $ (193,371) 5 (354,724) $ (426,242) $ (426,242) $ (425,370) $ (426,242) $ (125,341) $ 572,400 $ 258,416 $ 7,229 $ (193,371)
FREE CASH FLOW TO EQUITY
CAPEX $ (19,200,000) $ (19,200,000)
50P $ (4,043,840)
PCs $
Labor $ (396,000)
NPV Disposal $ (665,600)
Net CAPEX $ (24,305,440) $ (18,438,409)
Adjustments to Net Income
PLUS: Depreciation $ 2,430,544 $ 4,374,979 $ 3,499,983 $ 2,799,987 $ 2,240,962 $ 1,791,311 $ 1,592,006 $ 1,592,006 $ 1,594,437 $ 1,592,006 $ 2,430,544 $ 4,374,979 $ 3,499,983 $ 2,799,987 $ 2,240,962
Total Adjustments to Net Income $ 2,430,544 $ 4,374,979 $ 3,499,983 $ 2,799,987 $ 2,240,962 $ 1,791,311 $ 1,592,006 $ 1,592,006 $ 1,594,437 $ 1,592,006 $ 2,430,544 $ 4,374,979 $ 3,499,983 $ 2,799,987 $ 2,240,962
NPV (617,490,0301
NPV ($828227)
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MOBILE T&D DEFERRAL (50% UPGRADE)
Year 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
REVENUE
Avoided T&D Upgrade Costs - 50% $ 4,428,963 $ 4,428,963 $ 4,428,963 $ 4,428,963 $ 4,428,963 $ 4,428,963 $ 4,428,963 $ 4,428,963 $ 4,428,963 9 4,428,963 S 4,428,963 $ 4,428,963 $ 4,428,963 $ 4,428,963 $ 4,428,963
Avoided T&D Upgrade Costs - 90% $ 6,982,807 $ 6,982,807 $ 6,982,807 $ 6,982,807 $ 6,982,807 $ 6,982,807 $ 6,982,807 $ 6,982,807 $ 6,982,807 $ 6,982,807 S 6,982,807 $ 6,982,807 $ 6,982,807 $ 6,982,807 $ 6,982,807
EXPENSES
O&M (Fixed) $ (120,000) $ (120,000) $ (120,000) $ (120,000) $ (120,000) $ (120,000) $ (120,000) $ (120,000) $ (120,000) $ (120,000) 9 (120,000) $ (120,000) $ (120,000) $ (120,000) $ (120,000)
O&M (Variable) - $ - $ $ - - $ - $ - $ - -
O&M (Replacement) $ $ $ $ -$ $ $ - $ $ $ - $
Insurance $ (77,700) $ (77,700) $ (77,700) $ (77,700) $ (77,700) $ (77,700) $ (77,700) $ (77,700) $ (77,700) $ (77,700) 5 (77,700) $ (77,700) $ (77,700) $ (77,700) $ (77,700)
DEPRECIATION 9 (1,092,660) $ (2,076,054) $ (1,868,449) $ (1,682,696) $ (1,514,427) $ (1,361,454) $ (1,289,339) $ (1,289,339) $ (1,291,524) $ (1,289,339) 9 (1,291,524) $ (1,289,339) $ (1,291,524) $ (1,289,339) $ (644,669)
TAXES
State Tax (liability)/ benefit at 8.84% $ (27,745) $ (19,052) $ (20,887) $ (22,529) $ (24,017) $ (25,369) $ (26,007) $ (26,007) $ (25,987) $ (26,007) $ (25,987) $ (26,007) $ (25,987) $ (26,007) $ (31,705)
Federal Tax (liability/ benefit at 35.00% $ (1,098,511) $ (754,323) $ (826,985) $ (891,998) $ (950,893) $ (1,004,433) $ (1,029,673) $ (1,029,673) $ (1,028,909) $ (1,029,673) $ (1,028,909) $ (1,029,673) $ (1,028,909) $ (1,029673) $ (1,255,308)
Total State & Federal Taxes 9 (1,126,256) $ (773,375) $ (847,872) $ (914,528) $ (974,910) $ (1,029,802) $ (1,055,680) $ (1,055,680) $ (1,054,896) $ (1,055,680) s (1,054,896) $ (1,055,680) $ (1,054,896) $ (1,055,680) $ (1,287,013)
TAXES
State Tax (liability)/ benefit at 8.84% 9 (50,321) 8 (41,628) $ (43,463) $ (45,105) $ (46,593) $ (47,945) $ (48,583) 8 (48,583) $ (48,563) $ (48,583) $ (48,563) $ (48,583) $ (48,563) $ (48,583) $ (54,281)
Federal Tax (iabity0/benefit at 35.00% $ (1,992,356) $ (1,648,168) $ (1,720,830) $ (1,785,844) $ (1,844,738) $ (1,898,278) $ (1,923,519) $ (1,923,519) $ (1,922,754) $ (1,923,519) $ (1,922,754) $ (1,923,519) $ (1,922,754) $ (1,923519) $ (2,149,153)
Total State & Federal Taxes $ (2,042,678) $ (1,689,796) $ (1,764,294) $ (1,830,949) $ (1,891,331) $ (1,946,223) $ (1,972,101) $ (1,972,101) $ (1,971,317) $ (1,972,101) $ (1,971,317) $ (1,972,101) $ (1,971,317) $ (1,972,101) $ (2,203,434)
FREE CASH FLOW TO EQUITY
CAPEX $ (21,000,000)
BOP $
PCS $
Labor 8 (594,000)
NPV Disposal $ (259,200)
Net CAPEX $ (21,853,200)
Adjustments to Net Income
PLUS: Depreciation $ 1,092,660 $ 2,076r054 $ 1,868,449 $ 1,682,696 $ 1,514,427 $ 1,361,454 $ 1,289,339 $ 1,289,339 $ 1,291,524 $ 1,289,339 $ 1,291,524 $ 1,289,339 $ 1,291,524 $ 1,289,339 $ 644,669
Total Adjustments to Net Income $ 1,092,660 $ 2,076,054 $ 1,868,449 $ 1,682,696 $ 1,514,427 $ 1,361,454 $ 1,289,339 $ 1,289,339 $ 1,291,524 $ 1,289,339 $ 1,291,524 $ 1,289,339 $ 1,291,524 $ 1,289,339 $ 644,669
NPV $7,027,833
NPV $20,965,686
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TOU & DEMAND CHARGE MANAGEMENT
Year 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
REVENUE
Demand Savings
All-H urs $ 73,365 $ 73,365 $ 73,365 $ 73,365 $ 73,365 $ 73,365 $ 73,365 $ 73,365 $ 73,365 $ 73,365 S 73,365 $ 73,365 $ 73,365 $ 73,365 $ 73,-365
On-Peak $ 43,410 $ 43,410 $ 43,410 $ 43,410 $ 43,410 $ 43,410 $ 43,410 $ 43,410 $ 43,410 $ 43,410 $ 43,410 $ 43,410 $ 43,410 $ 43,410 $ 43,410
Mid-Peak $ 8,785 $ 8,785 $ 8,785 $ 8,785 $ 8,785 $ 8,785 $ 8,785 $ 8,785 $ 8,785 $ 8,785 S 8,785 $ 8,785 $ 8,785 $ 8,785 $ 8,785
Energy Savings
On-Peak $ 16,755 $ 16,755 $ 16,755 $ 16,755 $ 16,755 $ 16.755 $ 16,755 $ 16,755 $ 16,755 $ 16,755 $ 16,755 $ 16,755 $ 16,755 $ 16,755 8 16,755
Mid-Peak $ 26,350 $ 26,350 $ 26,350 $ 26,350 $ 26,350 $ 26,350 $ 26,350 $ 26,350 $ 26,350 $ 26,350 $ 26,350 $ 26,350 $ 26,350 $ 26.350 $ 26,350
Off- Peak $ (43,480) $ (43,480) $ (43,480) $ (43,480) $ (43,480) $ (43,480) $ (43,480) $ (43,480) $ (43,480) $ (43,480) $ (43,480) $ (43,480) $ (43,480) $ (43,480) $ (43,480)
EXPENSES
O&M (Fixed) $ (5,000) $ (5,000) $ (5,000) $ (5,000) $ (5,000) $ (5,000) $ (5,000) $ (5,000) $ (5,000) $ (5,000) $ (5,000) $ (5,000) $ (5,000) $ (5,000) $ (5,000)
O&M (Variable) $ - $ - $ - 8 $ - $ $
O&M (Replacement) 5 $ - $ - $ $ $ -$ $ - S - $ - 8 $
Insurance $ (584) $ (584) $ (584) $ (584) $ (584) $ (584) $ (584) $ (584) $ (584) $ (584) $ (584) $ (584) $ (584) $ (584) $ (584)
DEPRECIATION $ (18,007) $ (34,213) $ (30,791) $ (27,730) $ (24,957) $ (22,436) $ (21,248) $ (21,248) $ (21,284) $ (21,248) 6 (21,284) $ (21,248) $ (21,284) $ (21,248) $ (10,624)
TAXES
State Tax (liability)/ benefit at 8.84% $ (898) $ (755) $ (785) $ (812) $ (837) $ (859) $ (869) $ (869) $ (869) $ (869) $ (869) $ (869) $ (869) $ (869) $ (963)
Federal Tax (liabilty)l/benefit at 35.00% $ (35,558) $ (29,886) $ (31,083) $ (32,155) $ (33,125) $ (34,008) $ (34,424) $ (34r424) $ (34,411) $ (34,424) $ (34,411) $ (34r424) $ (34,411) $ (34,424) $ (38,142)
Total State & Federal Taxes $ (36,456) $ (30,641) $ (31,868) $ (32,967) $ (33,962) $ (34,867) $ (35,293) $ (35,293) 8 (35,280) $ (35,293) $ (35,280) $ (35,293) $ (35,280) $ (35,293) $ (39,105)
FREE CASH FLOW TO EQUITY
CAPEX $ (157,895)
BOP S (150,000)
PCS $
Labor $ (49,500)
NPV Disposal $ (2,737)
Net CAPEX $ (360,132)
Adjustments to Net Income
PWS: Depreciation $ 18,007 $ 34,213 $ 30,791 $ 27,730 $ 24,957 $ 22,436 $ 21,248 $ 21,248 $ 21,284 $ 21r248 $ 21,284 $ 21,248 $ 21,284 $ 21,248 $ 10,624
Total Adjustments to Net Income $ 18,007 $ 34,213 $ 30,791 $ 27,730 $ 24,957 $ 22,436 $ 21,248 $ 21,248 $ 21,284 $ 21,248 $ 21,284 $ 21,248 $ 21,284 $ 21,248 $ 10,624
NPV $387,994
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APPENDIX V - GOVERNMENT INCENTIVES
SMART GRID DEMONSTRATION
REVENUE
Aoided T&D Upgrade Costs - 50% $ 1,778,400 $ 1,778400 $ 1,778,400 $ 1,778,400 $ 1,778,400 $ 1,778,400 8 1,778,400 $ 1,778,400 $ 1,778,408 $ 1,778,400 $ 1,778,400 $ 1,778,400 $ 1,778,400 $ 1,778,400 $ 1778,400
Avoided T&D Upgrade Costs - 90% $ 2,805,400 $ 2,805,400 $ 2805,408 8 2,805,400 8 2,805,400 0 2,805,400 8 2,805,480 8 2,805,400 8 2,805,400 8 2,805,400 8 2,805,400 $ 5400 $ 2,805,400 8 2,805,400 8 2,805,400
EXPENSES
06E (XFxed) $ (51,174) $ (51,174) $ (51,174) $ (51,174) $ (51,174) $ (51,174) $ (51,174) $ (51,174) $ (51,174) $ (51,174) $ (51,174) $ (51,174) $ (51,174) $ (51,174) $ (51,174)
O&M (Variable) $ (37,581) $ (37,581) $ (37,581) $ (37,581) $ (37,581) $ (37,581) $ (37,581) $ (37,581) $ (37,581) $ (37,581) $ (37,581) $ (37,581) $ (37,581) $ (37,581) $ 
(37,581)
O&M (Charging) $ (336,000) $ (336,000) $ (336,000) $ (336,000) $ (336,000) $ (336,000) $ (336,000) $ (336,000) $ (336,000) $ (336,000) $ (336,000) $ (336,000) $ (336,000) $ (336,000) 
$ (336,000)
Insurance $ (9,867) $ (9,867) $ (9,867) $ (9,867) $ (9,867) $ (9,867) $ (9,867) $ (9,867) $ (9,867) $ (9,867) $ (9,867) $ (9,867) $ (9,867) $ (9,867) $ (9,867)
DEPRECIATION $ (678,432) $ (1,162,687) $ (830,355) $ (592,975) $ (423,961) $ (423,486) $ (423,961) $ (678,432) $ (1,162,687) $ (830,355) $ (592,975) 8 (423,961) $ (423,486) $ (423,961) $ (678,432)
TAXES (50%)
Stale Tax (5iabity)/ benefit at 8.84% $ (5,882) $ (1,601) $ (4,539) $ (6,637) $ (8,131) $ (8,135) $ (8,131) $ (5,882) $ (1,601) $ (4,539) $ (6,637) $ (8,131) $ (8,135) $ (8,131) $ 
(5,882)
Federal Tax (liability)/benefit at 35.00% $ (232,871) $ (63,382) $ (179,698) $ (262,781) $ (321.936) $ (322,102) $ (321,936) $ (232,871) $ (63,382) $ (179,698) $ (262,781) $ (321,936) $ (322,102) $ (321,936) $ (232,871)
Total State & Federal Taxes $ (238,753) $ (64,983) $ (184,237) $ (269,418) $ (330,067) $ (330,238) $ (330,067) $ (238,753) $ (64,983) $ (184,237) $ (269,418) $ (330,067) $ (330,238) $ (330,067) $ (238,753)
TAXES (90%)
State Tax )iability)/ benefit at 8.84% $ (14,960) $ (10,680) $ (13,617) $ (15,716) $ (17,210) $ (17,214) $ (17,210) $ (14,960) $ (10,680) $ (13,617) $ (15,716) $ (17,210) $ (17,214) $ (17,210) $ (14,960)
Federal Tax (liability)/benefit at 35.00% $ (592,321) $ (422,832) $ (539.148) $ (622,231) 8 (681,386) $ (681,552) $ (681r386) $ (592,321) $ (422,832) $ (539r148) $ (622,231) $ (681,386) $ (681,552) $ (681,386) $ (592 321)
Total State & Federal Taxes $ (607,281) $ (433,511) $ (552,765) $ (637,947) $ (698,596) $ (698,766) $ (698,596) $ (607,281) $ (433,511) $ (552,765) $ (637,947) $ (698,596) $ (698,766) $ (698,596) $ (607,281)
FREE CASH FLOW TO EQUITY
CAPEX $ (8,000,000) $ (4,400,000) 8 (4,400,008)
BOP $ (400,000)
PCS $ (692,000)
Labor $ (396,000)
NPV Disposal $ (7,200)
SmartGrid Demonstration 50%
Net CAPEX $ (4,747,600) $ (4,400,000) $ (4,400,000)
Adjutmtls to Net Intcom~e
PLUS: Depreciato n $ 678,432 $ 1,162,687 $ 830,355 $ 592,975 $ 423,961 $ 423,486 $ 423,961 $ 678,432 $ 1,162,687 $ 830,355 $ 592,975 $ 423,961 $ 423,486 $ 
423,961 $ 678,432
Total Adjustments to Net Income $ 678,432 $ 1,162,687 $ 830,355 $ 592,975 $ 423,961 $ 423,486 $ 423,961 $ 678,432 $ 1,162,687 $ 830,355 $ 592,975 $ 423,961 $ 423,486 $ 423,961 $ 
678,432
NPV $798,200
NPV $6,403,154
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ADVANCED ENERGY MANUFACTURING TAX CREDIT (MTC)
REVENUE$ 3,400
Avoided Outage (Low) $ 3,040,000 $ 3,040,000
Avoided Outage (High) $ 6,080,000 $ 6,080,000
EXPENSES
06P (Fed) $ (100,000) $ (100,000) $ (100,000) $ (100,000) $ (100,000) $ (100,000) $ (100,000) $ (100,000) $ (100,000) $ (100,000) $ (100,000) $ (100,000) $ (100,000) $ (100,000) $ (100,000)
0& M)Variable) $0 $ $ -8$ $ $ $ 0 - $ '8 $ $ -0$-$ $
0&M (Charging) $ (456,000) $ (456,000) $ (456,000) $ (456,000) $ (456,000) $ (456,000) $ (456,000) S (456,000) $ (456,000) $ (456,000) $ (456,000) $ (456,000) $ (456,000) $ (456,000) $ (456,000)
Insurance $ (8,880) $ (8,880) $ (8,880) $ (8,880) $ (8,880) $ (8,880) $ (8,880) $ (8,880) $ (8,880) $ (8,880) $ (8,880) $ (8,880) $ (8,880) $ (8,880) $ (8,880)
DEPRECIATION $ (225,470) $ (428,393) $ (385,554) $ (347,224) $ (312,501) $ (280,936) $ (266,055) s (266,055) $ (266,506) $ (266,055) $ (266,506) $ (266,055) $ (266,506) $ (266,055) $ (133,027)
Stati F a93 TM x1 $30 (8 ) 3-TAXES
State Tat )liablity)/ benefit at 8.84% $ (19,887) $ 8,781 8 8,402 0 8,063 $ 7,756 8 7,477 $ 7,345 $ 7,345 $ 7,348 0 7,345 2 (9,524) $ 7,345 0 7,349 $ 7,345 $ 6,170
Federal Tax (llabilito)beteflt at 35.00% $ (787.378) $ 347,646 $ 332,652 0 319,236 $ 307,083 $ 296,035 $ 290,827 S 290,827 $ 290,985 $ 290,827 $ (773,015) $ 290,827 $ 290,985 $ 290.827 $ 244,268
Total State S Federal Taxet $ (807,264) $ 356,426 $ 341,054 8 327,299 $ 314,840 $ 303,512 $ 298,173 $ 208,173 $ 298,334 $ 290,173 $ (792,539) $ 298,173 $ 298,334 0 298,173 $ 250,437
State Tat (liability)/ benefit at 8.84% $ (46,761) $ 8,781 $ 8,402 0 8,063 8 7,716 $ 7,477 0 7,345 $ 7,345 $ 7,349 $ 7,345 $ (46,398) $ 7,345 $ 7,349 $ 7,345 $ 6,170
Federal Tat (liability)Ibeneflt at 30.00% $ (11.851,378) $ 347,646 $ 332,652 $ 319,236 $ 307,083 8 296,035 $ 290.827 $ 290,827 $ 290,985 $ 290,827 $ (10.837,8151 8 298 827 $ 298 985 $ 290,827 $ 244,268
Total State S Federal Tates $ (1,898,138) 8 356,428 $ 341,004 $ 327,299 $ 314,840 0 303,512 0 298,173 S 298,173 8 298,334 0 298,173 $ (1,883,403) $ 298,173 8 298,334 $ 298,173 8 250,437
FREE CASH FLOW TO EQUITY
CAPEX $ (2,400,000)
BOP $ (3,000,000)
P0s $
Labor $ (990,000)
NPV Disposal $ (52,000)
MTC Discount 30%
Net CA PEX $ (4,509,400)
Adustmtents to Net Income
ALjUS Deprectiot o 225,470 $ 428,393 $ 385,554 $ 347,224 $ 312,501 $ 280,936 $ 266,055 S 266,055 $ 266,506 $ 266,055 $ 266,506 $ 266,055 $ 266,506 $ 266,055 $ 133,027
Total Adustets to Net Income $ 225,470 8 428,393 $ 385,554 $ 347,224 $ 312,501 $ 280,936 $ 266,055 $ 266,055 $ 266,506 $ 266,055 $ 266,506 $ 266,055 $ 266,506 $ 266,055 
$ 133,027
A!. . . 4,4 .447.. 0"M' A 4'4, ~ 4 '. '. ' 
.4. ,.4 .4
NPV (Low)
NPV (High)
.$3.85.214)($,262.0 77)
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APPENDIX VI - COUPLED BENEFITS
OFF-PEAK STORAGE WITH RAMP & VOLTAGE SUPPORT
REVENUE
Baseload Renenables $ 902,972 $ 902,972 $ 902,972 $ 902,972 $ 902,972 $ 902,972 $ 902,972 S 902,972 $ 902,972 $ 902,972 $ 902,972 $ 902,972 $ 902,972 $ 902,972 
$ 902,972
Energy Time Shift
Avoided Dutage (Low) $ 7,140,000 $ 7,140000
Avoided Dutage (High) $ 14,280,000 $ 04,20000
EXPENSES
OPE (Fixed) $ (204,400) $ (303,808) $ (383,808) $ (383,808) $ (383,808) $ (383,808) $ (383,808) 8 (383,808) $ (383,808) $ (383,808) $ (383,808) $ (383,808) $ (383,808) $ (383,808) $ (383,808)
O&M (Variable) $ (212,613) $ (281,899) $ (281,89) $ (281,859) $ (281,859) $ (281,859) S (281,859) $ (281,859) $ (281,859) $ (281,859) $ (281,859) $ (281,859) $ 
(281,859) $ (281,859) $ (281,859)
Insurance $ (77,700) $ (77,700) $ (77,700) $ (77,700) $ (77,700) $ (77,700) 8 (77,700) 0 (77,700) $ (77,700) $ (77,700) $ (77,700) $ (77,700) $ (77,700) $ (77,700) $ (77,700)
DEPRECIATION $ (1,491,000) $ (2,832,900) $ (2,549,610) $ (2,296,140) $ (2,066,526) $ (1,857,786) $ (1,759,380) $ (1,759,380) $ (1,762,362) $ (1,759,380) $ (1,762,362) $ (1,759,380) $ (1,762,362) $ (1,759,380) $ (879,690)
"Al: I.A., 
.. >> ... > . . .: . ,. . . : MI *M M 751 . MIN MI)' 4 , ' .7>
TAXES
State Tax (1IabIIty)/ benefit at 8.84% 8 (179,781) $ 23,632 $ 20,028 $ 18,887 $ 16,857 $ 00,062 $ 14,142 8 04,042 $ 14,068 $ 14,142 $ (070,184) $ 14,042 8 14,168 $ 14,142 $ 6,366
Federal Tax (Iiabiliy)/benefit at 30.00% $ 17 118.041) 8 935,653 $ 836,502 $ 747.787 8 667,422 $ 594,363 $ 559.921 $ 59,921 $ 60,965 8 509,921 $ (6.936.,035) $ 559921 $ 56.90, $ 559,920 $ 202,030
Total State & Federal Taxes $ (7,297,822) $ 959,285 $ 857,629 $ 766,674 $ 684,280 $ 609,375 $ 574,063 $ 574,063 $ 575,133 $ 574,063 $ (7,111,219) $ 574,063 $ 070,33 8 074,063 8 288,385
FREE CASH FLOW TO EQUITY
CAPEX $ (21,000,000)
BOP $ (1,400,000)
PCS $ (4,284,000)
Labor $ (2,772,000)
NPV Disposal $ (34.000)
Net CA PEX $ (29,820,000)
Ad1osmeIs to Net Incoote
PLUS: Dereciato m $ 1,491,000 $ 2,832,900 $ 2,549,610 $ 2,296,140 $ 2,066,526 $ 1.857,786 $ 1,759,380 $ 1,759380 $ 1,762,362 $ 1,759,380 $ 1,762,362 $ 1,759,380 $ 1,762,362 $ 1,759,380 
$ 879,690
Total Adjustments to Net Income $ 1,491,000 $ 2,832,900 $ 2,549,610 $ 2,296,140 $ 2,066,526 $ 1,857,786 $ 1,759,380 $ 1,759,380 $ 1,762,362 $ 1,759,380 $ 1,762,362 $ 1,759,380 $ 1,762,362 $ 1,759,380 $ 879,690
NPV ($2,8174)
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RAMP & VOLTAGE SUPPORT WITH TOU & DEMAND CHARGE MANAGEMENT
REVENUE
Avoided Outage (Lo.) $ 2,556,400 $ 2,556400
Avoided Outage (High) $ 5,112,800 $ 5,112,800
Demand Savings
All-Ho rs $ 1,467,300 $ 1,467,300 0 1,467,300 $ 1,467.300 $ 1,467,300 $ 1,467,300 5 
1.467,300 $ 1,467,300 $ 1,467,300 0 1,467,300 $ 1,467,300 $ 1,467,300 0 1,467,3000 1,630$ 14730
On-Peak $ 868,200 $ 868,200 0 868,200 $ 668,200 $ 868,200 $ 868,200 S 868,200 $ 868,200 $ 068,200 $ 
868,200 $ 868,200 $ 868,200 0 868,200 0 868,200 $ 868,200
M,4-Peak 0 175,700 $ 170,700 $ 175,700 $ 075,700 0 175,700 0 175,700 $ 075,700 $ 175,700 0 170,700 
$ 175,700 0 175,700 0 175,700 0 175,700 $ 175,700 0 175,700
Energy Savings
On-Peak 0 335,100 0 335,100 $ 335,100 $ 335,000 $ 335,100 0 335,100 5 335,100 0 335,100 0 335,100 
0 335,100 0 335,000 0 335,100 0 335,000 0 335,100 0 335,100
Mid-Peak 0 527,000 $ 527,000 $ 527,000 $ 527,000 0 527,000 0 527,000 S 527,000 $ 527,000 0 527,000 
0 527,000 $ 527,000 $ 527,000 $ 527,000 $ 527,000 $ 527,000
Ott Peak 0 (869,600) 0 (060,600) 0 (860,600) 0 (869,600) $ (069,600) $ (060,600) S (869,600) 0 (880,600) $ (869,600) $ 
(060,600) 0 (869,600) $ (069,600) 0 (869,600) 0 (869,6001 0 (069,600)
EXPENSES
069 (Pixed) 0 (200,000) 8 (200,000) 0 (200,000) 0 (200,000) $ (200,000) $ (200,000) 0 (200,000) 0 (200,000) 0 (200,000) 
0 (200,000) 0 (200,000) $ (200,000) 0 (200,000) 0 (200,000) 0 (200,000)
O&M (Variable) 0 - - - $ - - -
-
0 -
O&M (Replacement) 0 0 $ 0 0 $ $ - -
-
- $ $
1n5urance 0 (129,500) 0 (129,500) 0 (129,500) $ (129,500) $ (129,500) 0 (120,500) $ (129,500) 
$ (029,500) 0 (129,500) 0 (120,500) 0 (129,500) 0 (129,500) $ (025,500) 0 (170,500) 0 (129,500)
DEPRECIATION $ (1,849,500) 0 (3,014,050) $ (3,162,645) 0 (2,848,230) 0 (2,563,407) 0 (2; 13D4,477) 0 (2,082,410) 
0 (2,102,410) 0 (2,186,109) 0 (2.182,410) 0 (2,186,009) $ (2,102,400) $ (2,186,109) 0 (2,002,400) $ (1.091,205)
TAXES
State Tax (iiability)/ benefit at 8.84% $ (25,469) 0 10,844 0 0,738 0 5,950 $ 3,441 0 1,152 $ 73 $ 73 $ 105 0 73 0 (22.493) $ 73 $ 105 73 $ (9,574)
Federal Tax (liability)/benefit at 35.00% $ (1.008,385) $ 46847 $ 345,956 $ 230,900 $ 136,222 $ 45,597 $ 2,873 $ 2,873 $ 4,168 2,073 $ (890.572) 0 2.873 8 4,168 $ 2,073 $ (379,048)
Total State 8 Federal Taxes 0 (1,033,854) 0 480,792 0 354,894 0 240,089 $ 139,663 0 46,749 S 2,946 $ 2,946 0 
4,273 0 2,048 0 (913,085) $ 2,946 0 4,273 0 2,946 0 (380,622)
TAXES
State Tax (liability)/ benefit at 8.84% $ (48,08) $ 10,844 0 0,730 0 5,958 $ 3,440 $ 1,152 5 73 0 73 0 100 $ 73 0 (40,092) 0 73 $ 105 $ 73 0 (9,574)
Federal Tax (liability)/benefit at 35.00% $ 11.03,125) $ 468,947 $ 345,056 $ 335,910 $ 136,222 $ 45,597 0 2873 0 2073 0 4,160 $ 2073 $ (1,785,312) 0 2,873 $ 
4,160 0 2073 $ (379,048)
Total State & Federal Taxes 0 (1,901,093) $ 480,792 $ 354,694 0$ 24,089 $ 139,663 $ 46,749 2,946 $ 2,946 0$ 4,273 0 $ 2,46 
$ (1,830,404) $ 2,946 $ 4,273 2,96 $ (300,622)
FREE CASH FLOW TO EQUITY
CAPE0 7 (35,000,000)
PCs 0$
Labor 0 (990,000)
P 33sosa100 $ ,000,0003
Net CAPEX 0 (36,000,000)
Adjustmlents to Net incoe
PLUS: Depreciation 0 1,849,500 $ 3,514,000 3.162,845 $ 2,848,230 2.,563,407 $ 2,304,477 
0 2,182,410 $ 2,102,410 $ 2,16,100) $ 2,182,410 $ 2,16,100) $ 2,12,410 $ 2,06,5109 $ 2,002,410 $ 1091,205
Total Ad(ustments to Net iecome 0 1,849,500 $ 3,514,050 0 3,162,645 $ 2,048,230 $ 2,563,407 $ 2.304,477 
5 2,182,410 $ 2,182,410 $ 2,186,109 $ 2,182,410 $ 2,186,109 $ 2,182,410 0 2,186,109 $ 2,182,410 $ 1,091,205
NPV (Lo.) is* J . t
NPV (High) t.t" ..
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MOBILE T&D DEFERRAL WITH RAMP & VOLTAGE SUPPORT
Year 01 2 3 4 5 6 7 8 9 10 11 12 13 14 15
REVENUE
Avoided T&D Upgrade Costs 50% $ 1,969,920 $ 1,969,920 $ 1,969,920 5 1,969,920 5 1,969,920 5 1,969,920 $ 1,969,920 $ 1,969,920 $ 1,969,920 $ 1,969,920 $ 1,969,920 $ 1,969,920 $ 1,969,920 $ 1,969,920 $ 1,969,920
Avoided T& Upgrade Costs 90% $ 3,107,520 $ 3,107,520 5 3,107,520 S 3,107,520 $ 3,107,520 S 3,107,520 $ 3,107,520 $ 3,107,520 $ 3,107,520 $ 3,107,520 $ 3,107,520 $ 3,107,520 $ 3,107,520 $ 3,107,520 $ 3,107,520
Avoided Outage (Low) $ 1,152,000 $ 1,152,000
EXPENSES
O&M (Fixe') (117,647) $ (117,647) 5 (117,647) 5 (117,647) $ (117,647) 5 (117,647) $ (117,647) $ (117,647) $ (117,647) $ (117,647) $ (117,647) $ (117,647) $ (117,647) $ (117,647) $ (117,647)
O&M (Variable) $ - $ 5 5 - $ - 9 -- $ - -$ - -
O&M (Charging) $ (92,160) $ (92,160) 0 (92,160) S (92,160) S (92,160) $ (92,160) $ (92,160) $ (92,160) $ (92,160) $ (92,160) $ (92,160) $ (92,160) $ (92,160) $ (92,160) $ (92,160)
Insurance $ (21,312) $ (21,312) 5 (21,312) $ (21,312) 5 (21,312) 5 (21,312) $ (21,312) $ (21,312) $ (21,312) $ (21,312) $ (21,312) $ (21,312) $ (21,312) $ (21,312) $ (21,312)
DEPRECIATION $ (807,976) $ (1,535,154) $ (1,381,639) $ (1,244,283) S (1,119,855) $ (1,006,738) $ (953,412) $ (953,412) $ (955,028) $ (953,412) $ (955,028) $ (953,412) $ (955,028) $ (953,412) $ (476,706)
TAXES (50%)
State Tax (llability)/ beneft at 8,84% $ (18,412) $ (1,800) $ (3,157) $ (4,372) $ (5,471) S (6,471) $ (6,943) $ (6,943) $ (6,929) $ (6,943) $ (17,112) $ (6,943) $ (6,929) $ (6,943) $ (11,157)
Federal Tax (llability)/benefit at 35.00% $ (728,989) $ (71,276) $ (125,007) $ (173,081) $ (216,631) $ (256r222) $ (274,886) $ (274,886) $ (274,321) $ (274,886) $ (677,521) $ (274886) $ (274r321) $ (274,886) $ (441,733)
Total State & Federal Taxes $ (747,401) $ (73,077) $ (128,164) $ (177,453) $ (222,103) $ (262,693) $ (281,829) $ (281,829) $ (281,249) $ (281,829) $ (694,633) $ (281,829) $ (281,249) $ (281,829) $ (452,890)
TAXES (90%)
State Tax (liability)/ benefit at 8.84% $ (28,469) $ (11,857) $ (13,214) $ (14,428) $ (15,528) $ (16,528) $ (16,999) $ (16,999) $ (16,985) $ (16,999) $ (27,169) $ (16,999) $ (16,985) $ (16,999) 9 (21,213)
Federal Tax ()iablty)/benefitat 35.00% $ (1,127,149) $ (469,436) $ (523,167) $ (571,241) $ (614,791) $ (654,382) $ (673,046) $ (673,046) $ (672,481) $ (673,046) $ (1r075r681) $ (673r046) $ (672,481) $ (673.046) $ (839,893)
Total State & Federal Taxes $ (1,155,617) $ (481,293) $ (536,380) $ (585,669) $ (630,319) $ (670,910) $ (690,045) $ (690,045) $ (689,466) $ (690,045) $ (1,102,849) $ (690,045) $ (689,466) $ (690,045) $ (861,107)
FREE CASH FLOW TO EQUITY
CAPEX $ (11,520,000)
BOP $ (4,043,840)
PCS $ -
Labor $ (396,000)
NPV Disposal $ (199,680)
Net CAPEX $ (16,159,520)
Adjustments to Net Income
PLUS: Deprecation $ 807,976 $ 1,535,154 $ 1,381,639 $ 1,244,283 $ 1,119,855 $ 1,006,738 $ 953,412 $ 953,412 $ 955,028 $ 953,412 $ 955,028 $ 953,412 $ 955,028 $ 953r412 $ 476,706
Total Adjustments to Net Income $ 807,976 $ 1,535,154 $ 1,381,639 $ 1,244,283 5 1,119,855 $ 1,006,738 $ 953,412 $ 953,412 $ 955,028 $ 953,412 $ 955,028 $ 953,412 $ 955,028 $ 953,412 $ 476,706
NPV $4,792,1)
NPV $4,792,163
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